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The nonlinear studies of two-dimensional (2D) nanomaterials, specifically graphene, are 
very significant since graphene is finding its usefulness in handling the enormous heat in 
nanoscale high-density power electronics. Graphene has emerged to be a promising nanomaterial 
as an excellent heat spreader due to its high thermal conductivity. However, the experimental 
nonlinear study of graphene materials and their application in developing future optoelectronic 
devices demands for more developed research.  
The research objective is first to build a precise, and sensitive technique to investigate 
and understand the thermal nonlinear properties, including nonlinear refractive index (n2), 
nonlinear absorption coefficient (β), and thermo-optic coefficient (dn/dT), which are dependent 
on the laser power and temperature of graphene thin film materials. Many techniques have been 
used for measuring the nonlinear parameters, and the Z-scan method has been considered the 
standard approach due to its simplicity and sensitivity. The main goal of this research was to 
investigate the thermal nonlinearities of nonfunctionlaized and functionalized graphene thin 
films without and with gold nanorods (NFG, AuNFG, FG, and AuFG) on glass substrates as well 
as gold nanorods (AuNRs) in deionized water through using the built Z-scan system. Then 
finally, the effects of gold nanorods on enhancing the thermal nonlinearity of graphene were 
studied.  
In the Z-scan system, a continuous wave (cw) of an argon ion (Ar
+
) laser beam was used 
as the excitation source at wavelengths of 457 and 514 nm. The sample was fixed on a 
micrometer translation stage and moved in the propagation direction (z) of a narrowly focused 
Gaussian beam. After that, the transmitted signal, passing through the material, was recorded 
 
 
using a photo detector in the far field. In this dissertation work, the beta-barium borate (BBO) 
crystal was chosen as an excellent candidate to calibrate and test the accuracy of the built Z-scan 
system and to investigate the thermal nonlinearities, which was important due to the fact that the 
BBO crystal has remarkably high thermal and optical properties. In the linear regime, the 
morphology and physical properties of all the research graphene samples were investigated using 
different optical and structural analytical techniques, including Raman spectroscopy, atomic 
force microscopy (AFM), transmission electron microscopy (TEM), and environmental scanning 
electron microscopy (ESEM), and UV-Visible spectrophotometer. The Z-scan experimental 
study indicated that graphene had a negative value of the nonlinear refractive index with a self-
defocusing performance. These results also concluded that gold nanorods enhance the nonlinear 
thermal properties of graphene materials. Gold nanorods were proved to enhance the thermal 
nonlinear absorption of graphene by 50%. Also, there was a large enhancement on the thermal 
refraction and the change of refractive index with temperature (dn/dT) due to the presence of 
gold nanorods. 
Therefore, using a variety of nanostructures for the ability to control the thermal-optical 
behaviors not only increases but also opens the doors for new application areas, including 
biomolecular and chemical sensing, cooling systems, photo-thermal therapy, thermal storage in 
solar cells, and other thermal nonlinear devices. This research contributes to increasing not only 
the physics, but also chemistry, knowledge about the relation between the graphene nonlinear 
properties, functionalization- gold nanorods and oxygen groups which, as a sequence, helps 
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CHAPTER 1:   INTRODUCTION 
The coherent light interaction with a matter has led to many discovered phenomena. One 
of those discoveries is nonlinear optics (NLO) that is basically described as the matter response 
to an intense light, including the light propagation in gases, liquids, and solids, and their 
interaction with materials [1]. In 1960, the experimental work of nonlinear effects started by 
using high density and power of light. Typically, the nonlinearity can be detected by only using 
high intensities, produced by lasers. That strong light field affects the material optical properties, 
mainly the absorption coefficient (α) and the refractive index (n) [1]. Various interesting 
phenomena of NLO have been considered to be used in different practical applications, including 
nonlinear spectroscopy, optical data processing, frequency conversion, optical switching, optical 
limiting, wave-guide switching, passive laser-mode-locking, bio-imaging, multi-photon 
lithography, and optical and modulator communications [2], [3].  
 Two dimensional (2D) carbon nanomaterials, particularly graphene, have great potential 
in photonic and optoelectronic devices because of the demonstration of amazing thermal, optical 
and electrical and mechanical characteristics [2]. In the last few years, there has been more 
interest in materials for optical limiting driven by the needs for promising applications to protect 
sensitive optical devices, particularly eyes, from the high intensity of laser light [4].  
Graphene 2D materials are promising candidates to provide custom designed 
nonlinearity. It is very motivating to investigate the spectral behavior of nonlinear effects in 
graphene materials due to their broad use in nanoscale laser systems with high power. As 
graphene materials are utilized in laser systems with high powers, the material optical properties 
are changed by the intense field. These modifications in the material optical parameters affect the 
light propagation and control the optical systems performance. The nonlinear refraction gives 
 
2 
      
 
increase to self-lensing, leading to ruinous optical damage [5], [6], [7], and the modulation of the 
self-phase is gradually becoming essential in the system design of ultrafast lasers. At a high 
intensity, the nonlinear absorption can reduce the transmittance and specify a damage path in the 
material at a lower intensity than an unpredictable material breakdown. 
 Graphene has recently been expected to produce extremely nonlinear optical properties 
at terahertz and microwave frequencies [8]. Due to the unique band structure of 
graphene − interband optical transitions happen at any photon energies − the optical nonlinearity 
of graphene can be enhanced at higher frequencies. Graphene is a well thought out vital class of 
third order nonlinear optical materials due to its fast and large nonlinearities, as well as the ease 
of processing and integrating into various potential optical applications. Specifically, graphene 
demonstrates amazing nonlinear optical properties including wideband spectral range and quick 
responses [8]. Additionally, graphene has proven to be a promising material for photonic devices 
at the nano-scale. All chemical variations, like functionalization and oxidation, can change the 
graphene electronic structure, therefore allowing well-tuned nonlinear responses to facilitate 
numerous applications due to multiple NLO mechanisms [8]. Moreover, composite materials that 
are derived from graphene, like graphene oxide (GO), have been significantly studied due to 
their superior function and properties. GO materials have gained greater interest because of their 
desired features including easy access, inexpensive cost, and extensive capability for graphene 
conversion as well as scalability [9]. However, there is still room for growth in enhancing the 
nonlinear properties of graphene materials.  
Thermal lensing is the most significant phenomena that is  the result of a laser beam with 
high power propagating through an absorbing material. Many years ago the thermal lens effect, 
as well as its applications, were extensively considered. As a continuous wave (cw) laser 
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interacts with a material, the material absorbs a small part of the laser energy, resulting in a local 
heating around the material [10]. This heat will lead to changes in the material local temperature 
via the transmission channel. Due to the fact that the material refraction mainly depends on 
temperature, laser absorption eventually  results in raising the nonuniformity on the material 
refractive index in the transmission channel [10]. This nonuniformity is a dependent on the 
temperature and density of the laser transmission, resulting in the beam deforming. This 
absorbed material could be described as a lens that possibly increases the divergence of the laser 
beam [10]. Carbon based materials, like graphene, have been heavily used and have a significant 
involvement in optical limiting devices [11]. Both fullerenes and their derivatives possess 
amazing optical limiting, which arise from the huge absorption of the excited state [12], [13]. 
One key challenge in electronic properties is thermal management due to the quick 
increase of power densities. Removing the produced heat efficiently has been considered a 
serious challenge to improve the reliability, quality and the performance of modern photonic, 
optoelectronic, and electronic systems such as supercomputers and cellphones [14]. Both 
experimental and even theoretical studies have proved that hot spots at micrometer or nanometer 
scale, created in nanoscale electronics with high power density due to the nonuniformity of the 
heat dissipation and generation, might lead to reliability problems and performance degeneration 
[15],[16]. The previous cooling solution, including semiconductor and metal nanomaterials, are 
limited because the thermal conductivity is low. Graphene has emerged to be a promising 
material of nanoscale heat spreading due to its enormously high thermal conductivity, ranging 
from 2000 to 5000 W/m•K, at room temperature [14].  
Most scientists focus great interest on the electronic properties of graphene, while the 
optoelectronic properties have mostly been studied theoretically. Therefore, experimentally 
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speaking the thermal and optical nonlinear properties of graphene are still highly undeveloped. 
For the last few decades, the nonlinear field has been emerging as a promising field with a 
significant application in photonics [4]. The nonlinear refraction of the material could be very 
high due to the change of the temperature around and within nanoparticles. Graphene, a unique 
2D material, is an excellent candidate material for not only optical limiting but also other 
thermal-photonic applications. It is very critical to know the thermo-optical properties for 
appraising the merit figure of nonlinear materials. Those nonlinear properties can be useful in 
determining the working conditions, including thermal stress resistance, thermal shock, and 
thermal lens effects [17]. Because of the urgent needs in thermal management, optical limiting, 
and other thermal nonlinear devices, this research stems out of this demand. 
After several years of discovering the amazing properties of graphene and various uses in 
photonics, electronics and new technologies, another layer has been added to the attractively 
complex world of graphene materials: nanostructured and chemically functionalized graphene 
with metal nanoparticles, especially gold nanorods [18]. It was found that thin films of graphene 
oxide (GO) on glass substrates show remarkable broadband nonlinear properties. The graphene 
development of various functionality, structure, and sheet size has unique attention for different 
uses, such as metal nanoparticles and oxygen groups [19]. A few years ago, metallic 
nanoparticles (MNPs) were also intensively investigated in nanoscale devices to control 
temperature [20]. MNPs have the ability to enhance absorbed and scattered light under 
appropriate optical radiation. Therefore, MNPs become an ideal heat source for the nanoscale, 
slightly well-regulated through light inputs [20]. 
To conclude, the existence of groups on the surface of graphene materials could enhance 
nonlinear properties while decreasing its essential electrical and thermal conductivity [19]. 
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Graphene and graphene oxide (GO) with gold nanorods is a great solution to manage thermal 
energy and, thus, excellently spreading the generated heat in electronic devices because of its 
distinctive physical properties like large thermal conductivity and high transparency. 
1.1. Current State of Art 
In a 2010 study, the four-wave mixing technique was used to optically characterize a few 
layers of graphene [21]. That study found that the third-order susceptibility is 8 times larger than 
that of dielectric materials. In addition, there is a weak dependence of the susceptibility on the 
near-infrared wavelength. In March 2011, a research study utilized the Z-scan technique with 
femtosecond pump-probe lasers to demonstrate the saturable absorption and ultrafast carrier 
dynamics of a few sheets of graphene oxide (GO), which was dispersed in organic solvent [2]. 
The results of the study found that GO possesses large saturable absorption and rapid hot carrier 
energy relaxations. Moreover, graphene hybrid materials have the potential to enhance the 
nonlinear optical properties [13]. Their research demonstrated that the performance of the NLO 
properties in the nanosecond scale could be enhanced via covalently functionalizing graphene 
hybrid nanomaterials with fullerene and porphyrin [13]. 
The nonlinear refractive index of beta-barium borate (BBO) crystal at a 780 nm 
wavelength laser that is polarized at [1 0 0] has been calculated utilizing the Z-scan technique 




/W, which are 




/W [23]. Moreover, the nonlinear 
absorption coefficient of BBO is measured to be around 0.9 ± 0.1 cm/GW [23]. However, in 
March 2012, a research group found the nonlinear refractive index of few layers of graphene 








and third order susceptibility (χ
(3)





which is much larger than the BBO value. Also, this study shows that graphene has a huge 
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nonlinear refractive index, approximately 9 times larger than the bulk dielectrics [24]. This is 
important because it shows that graphene is a potential candidate for nonlinear photonic devices.    
On the other hand, the NLO parameters of graphene suspensions in three different 
solvents were investigated utilizing the Z-scan method at a wavelength of 790 nm [22]. The 
resulting data illustrated that one monolayer of graphene that is suspended in water has the 
highest value of nonlinear absorption coefficient, which was around 9 x 10
8
 cm/W. The 
nonlinear absorption of graphene oxide was calculated to be 4 x 10
8
 cm/W [25], which is higher 
than the value of BBO. Recently, many research groups have studied the NLO of both graphene 
and graphene oxide. The NLO behavior of graphene dispersions was studied by Wang, et al. 
using laser pulses at 532 nm and 1064 nm [4]. Also, Z-scan measurements were performed using 
nanosecond and femtosecond pulse lasers at 532 nm and 800 nm to investigate the nonlinear 
absorption coefficient of GO [26]. Add to that, Zheng, et al. reported that the duration of the 
laser pulse affects the nonlinear absorption response of graphene materials [27].  
The optical limiting and NLO properties of GO were considered using pulse lasers by 
Jiang, et al. [28]. Moreover, Biswas proved that silver nanocomposites enhance the optical 
nonlinearities of graphene materials using the Z-scan method with a pulse laser [29]. This study 
had calculated the real part of χ
(3)







study [4] used the  Z-scan method to calculate  the nonlinear absorption (β) of graphene in 





saturated intensity and two-photon absorption (TPA) coefficients of bilayer graphene were 
determined to be 6 ± 2 GW/cm
2
 and 10 ± 2 cm/MW, respectively [25]. There are, however, 
insufficient research studies on using cw lasers to characterize the nonlinearity of the graphene 




      
 
1.2. Aim of the Research 
The development of graphene nanotechnology could be achieved using metallic 
nanostructures, which would be useful for various application. Gold nanorods (AuNRs) present 
convincing enhancements in nonlinear properties of graphene materials due to their distinctive 
optical properties, especially plasmonic resonance. Gold nanorods are great converters of light 
energy to heat due to the coupling between the large absorption cross-section and the  low 
radiative and fast nonradiative decay rate. Thus, AuNRs could potentially be applied in 
photothermal therapy, optical limiting, and in photovoltaic and thermal devices using cw lasers 
[20]. An excellent protection system should have an effective material with large dynamic ranges 
of wide interval wavelengths at high energies. 
Nonlinear measurements of graphene materials with gold nanorods and oxygen groups, 
then applying that in developing future optoelectronic devices, are still greatly under developed. 
Therefore, this research focused on developing these optical applications through the 
characterization of the thermal nonlinear properties of nonfunctionalized and functionalized 
graphene without and with gold nanorods materials (NFG, AuNFG, FG, and AuFG). The 
objective of this research was to investigate the nonlinear absorption coefficient (β) as well as 
nonlinear refraction (n2) and thermo-optic coefficient (dn/dT), through building a simple precise, 
and sensitive technique called Z-scan. The build Z-scan system uses a cw Ar
+ 
laser at a 
wavelength of 514 nm in resonance with AuNRs plasmonic resonance peaks. Also, this research 
investigated the effects of oxygen groups and gold nanorods on the thermal nonlinear 
parameters. Moreover, the structure and physical dimensions of the research materials were 
defined using different optical and analytical characterization techniques, including UV-Vis 
absorption spectroscopy, Raman spectroscopy, and atomic force microscopy. Also, the size, 
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shape and density of gold nanorods were investigated using transmission electron microscopy 
(TEM) and environmental scanning electron microscopy (ESEM). The optical and structural 
characterization will not only expand the deep understanding of the thermal nonlinear properties 
of graphene materials but also contribute the required knowledge for future applications. The 
research results benefit not only the world of optical science, but also the general public through 
applications ranging from biomedical imaging to lighting systems. 
1.3. Dissertation overview   
This dissertation is divided into seven main chapters. The first chapter contains the 
objective of this research and general outline of the work plan. Current state of the 
nanotechnology art on measuring the thermal nonlinearities of graphene material with metal 
nanoparticles is also considered. Chapter 2 provides some general background about the material 
structure and growth of graphene, graphene oxide, and gold nanorods. Also, the morphology 
characterization of these graphene research materials has been conducted using UV-Vis 
absorption spectrophotometer, AFM, Raman spectroscopy, TEM, and SEM. Also, other 
analytical instruments, including detectors and parts of the laser source, are clearly described in 
this chapter. Chapter 3 includes the theory of the  laser beam propagation and the theoretical 
model of thermal nonlinearities as well as the principal techniques to measure nonlinear 
refraction. 
Chapter 4 describes the experimental setup of the Z-scan system, and the calibration 
using the BBO crystal in sufficient detail to provide the practical conditions and the thermal 
nonlinear studies to test the accuracy and the effectiveness of the built system. Chapter 5 
investigates the thermal nonlinearities of functionalized graphene without and with gold 
nanorods (NFG and AuNFG) as well as AuNRs alone. Here the open aperture and closed 
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aperture Z-scan measurements were discussed in details. Chapter 6 studies the effects of 
graphene thermal nonlinearity due to the oxygen group and metal nanoparticle (AuNRs). The 
obtained results are discussed and compared with current published values of thermal 
nonlinearity of graphene materials. The last chapter (Chapter 7) includes a general summary of 
the obtained thermal nonlinear results, a conclusion about the importance of this research, and 
















      
 
CHAPTER 2:   GENERAL BACKGROUND 
2.1. Material Structure & Growth Method 
The discovery of graphene materials proved the stability of two-dimensional (2D) 
crystals, which was unknown previously. Graphene materials have the potential to perform a 
significant function in future optoelectronic applications due to their fascinating properties 
including distinctive structure and excellent optical, thermal, mechanical, electronic, and 
transport nature [30], [31]. To be specific, graphene has illustrated excellent nonlinear properties, 
including enormous optical limiting, reverse saturable absorption, two-photon absorption, four-
wave mixing, and saturable absorbers [8]. 
2.1.1 Graphene Materials 
Graphene is a 2D material made of a few layers of carbon atoms that are arranged in the 
shape of a hexagon [24], [31]. The strength of graphene is due to the sp
2
 bonds among the carbon 
atoms, as illustrated in Figure 2.1. To specify, 0.14 nm is the distance between carbon atoms, and 
0.34 nm is the distance between graphene sheets. Typically, less than 10 carbon sheets are 
known as graphene, and more than 10 layers as graphite. 
The crystal structure of graphite is hexagonal and is built up of flat sheets in which the 
trivalent carbon atoms inhabit the lattice sites in a honeycomb network of two dimensions [32], 
[33]. The unit cell of graphite is comprised of four atoms; two atoms are from each of the 
contributing sheets. The distance of the shortest interatomic is 0.142 nm in the planes of single 




      
 
Graphene has amazing electrical mechanical, thermal, and optical characteristics, which 
is in part because of its unique bandgap structure. For example, graphene possesses an expansive 




, a large Young’s modulus of about 1.0 TPa, a large 








, and a high thermal conductivity of about 5000 
W/m•K [24]. Added to these unique properties, graphene also has excellent mechanical strength, 
small optical absorption around 2.3%, low density less than one g/cm
3
, and uncommon flexibility 
[34]. Additionally, excellent electrical conductivity and optical transmittance of around 97.7% 
open the door for graphene to be utilized in various developed applications [24]. Moreover, 
graphene materials could be produced broadly due to the various possibilities of oxidation 
methods, parent graphite, and reduction processes. 
 
Figure 2.1. Hexagonal structure of 2D graphene material. 
2.1.2 Graphene Oxide Materials   
The oxidized form of graphene materials is known as graphene oxide (GO). GO is a 
monosheet of carbon atoms with oxygen groups, and  the flexibility, conductivity, and strength 
are its most distinctive properties [8], [21]. Graphite oxide materials possess identical layered 
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structures to graphite materials. The difference is that in graphite oxide, the carbon atoms’ plane 
is greatly functionalized with oxygen-containing groups. These oxygen groups not only create 
the hydrophilic atomic-thick layers but also increase the distance of the interlayers  [35], [9].  
Particularly, graphene oxide materials are attractive because of the oxygen groups present 
on the graphene nanomaterials, facilitating the dispersion to be stable in chemical modification 
and water. Those oxygen groups bind covalently to the surface of graphene that comprises a 




 carbon atoms and emerges as graphene oxide materials in a 
wide range of applications including photothermal, biosensors, photo catalysis, optics, 
electronics, and energy fields, due to its unique optical and electrical properties [36].  
As demonstrated in Figure 2.2, the GO structure exhibits epoxy, hydroxyl groups 
typically at the sheets’ basal planes, while carboxyl and carbonyl are mostly located at the edges 
of the defects or sheets [2], [3]. However, the location, the amount and the type of the oxygen 
functional groups could be widely varied via changing the preparation conditions, which has a 
strong effect on the material reactivity [19].  
 
Figure 2.2. Graphene oxide structure. 
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The thermal conductivity of graphene materials is considerably reduced when the oxygen 
coverage, the ratio of oxygen to carbon atoms, increases [37]. Techniques have been discovered 
to create large scales of graphene from GO materials, but the oxygen groups could not be 
removed completely either by thermal or chemical reduction [37]. In graphene oxide, the binding 
energy of carbon and oxygen (C-O) bond is -2.99 eV, and the bond length of the C-O bond is 
1.39 Å. In GO, the oxygen atoms could enhance graphene via the effects of either bond 
deformation or added mass, leading to change the characteristics of local vibrations as well as an 
acoustic mismatch, which causes scattered phonons and decreases the mean free path of the 
phonon [37]. 
2.1.3. Gold Nanorod Materials 
Nano photonics investigates the interaction between nanoscale materials and light, and 
covers various research areas including physics, biology, chemistry, and nanomedicine [20].  
Specifically, plasmonics is known as a nano-photonics field that concerns the electromagnetic 
(EM) field interaction with the free electrons in metallic nanoparticle materials, while the electric 
light excites the metallic nanoparticles to generate collective oscillations, known as plasmons 
[20]. Recently, metallic nanoparticles, specifically anisotropic, such as nanorods, have gained 
great attention because of their distinctive optical properties, leading to various device 
applications, including optical limiters, optical laser writing, pattering, plasmonic waveguide, 
photothermal imaging, drug delivery, nanomedicine, nanosurgery, plasmon-assisted 
nanochemistry, biosensors, and nanoprobes [38], [20].  
It was shown recently that gold nanoparticles, at low concentration, are reasonably 
biologically compatible due to their small or negligible size [39]. Exciting nanorods with EM 
radiation contributes to raising transverse and longitudinal surface plasmon absorption peaks, 
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which correspond to the quasi-free electrons oscillating along the short and long axes, 
respectively. The nanorods morphology does not have obvious effects on the transverse plasmon 
resonance while the aspect ratio of nanorods influences the spectral location of the longitudinal 
surface plasmon resonance (LSPR) and can tune it from green to near infrared (NIR) [38]. 
2.2. Growth Method  
2.2.1. Preparation of Graphene 
The research and industrial areas demand a simpler, lower cost, and a more efficient 
graphene growth technique as well as better quality on a large scale area [14], [20]. Graphene 
materials can be prepared through different methods, including chemical vapor deposition 
(CVD), epitaxial growth, graphite mechanical cleavage with  scotch tape, thermal or chemical 
reduction of GO, or exfoliation of graphite powder [31], [34]. These broadly used techniques 
produce high quality graphene that can be applied in optoelectronic and other applications. It is 
clear that the preparation techniques have significant impact on the properties of the graphene 
materials. A simple manual method, scotch tape, has been utilized to obtain one layer of carbon 
atoms, graphene [40].  
Chemical Vapor Deposition (CVD) 
A newer method to produce graphene is chemical vapor deposition (CVD) instead of the 
scotch tape method. Placing a copper substrate into a reactant chamber and then heating it to a 
temperature of 1000 °C under low vacuum is the first stage of CVD [41]. This heat causes the 
copper to be annealed, which expands the domain size. The second stage is allowing hydrogen 
and methane gases to flow inside the chamber. As a result, the carbon atoms, which are from 
methane, are deposited onto the metal substrate. This is because the hydrogen catalyzes a 
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reaction known as chemical adsorption that is illustrated in Figure 2.3.  
 
Figure 2.3. CVD growth of a graphene material on a copper substrate [41]. 
It is important to cool the reactant chamber quickly. If it is not, there will be aggregation, 
bulk graphite, and a noncontiguous graphene layer. Two flaws in the CVD method are impurities 
and wrinkles. The impurities are caused by different materials used in CVD, and those can be 
controlled easily. The wrinkles are caused by thermal expansion differences between graphene 
and copper, and that can be controlled via appropriate annealing [41].   
Reduction of Graphene Oxide 
Graphene oxide has gained intense interest since the initial study of a single layered 
graphene via mechanical exfoliation in 2004 [24]. Graphite oxide is a reasonably easy method 
for producing chemically derived graphene. Among these techniques, the reduction technique 
costs the least, produces large-scale graphene, and is a high-yield technique for mass creation of 
graphene that is un-oxidized and defect free [11], [42], [24]. The most amazing property of 
graphite oxide is that it can be partially reduced to layered graphene (rGO). The reduction can be 
achieved through eliminating the oxygen-containing groups with the conjugated structure’s 
recovery [35], [43]. Moreover, rGO has been given other names, including chemically converted 
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graphene, chemically modified graphene, reduced graphene, or functionalized graphene (FG) 
[44]. The most straightforward aim of the reduction procedures is creating graphene that is 
similar to the graphene that is created from mechanical exfoliation of single graphite sheets both 
in properties and structure. These are two essential properties of graphite oxide that are 
significant to the graphene uses in large scale: 
 Inexpensive production using graphite (raw materials); and using low cost chemical 
techniques with an extraordinary yield [35]. 
 Extremely hydrophilic, forming steady aqueous colloids to assist the macroscopic    
structures’ assembly via cost effective and simple solution procedures [35]. 
2.2.2. Preparation of Graphene Oxide 
The precursor of rGO is graphite oxide, which has a significant role towards determining 
the properties, structures, and potential applications of rGO [31]. In 1859, the revolutionary 
study on the growth of graphite oxide was executed by Brodie [45]. In the Brodie approach, one 
part of graphite blends with three parts of potassium chlorate (KClO3) at equivalent weights. 
Then for four days, the mixture reacts in fuming nitric acid (HNO3) at a temperature of around 
60 
o
C [31]. There are three major solution-based techniques to prepare graphene oxide materials 
(GO): Staudenmaier, Hofmann, and Hummers techniques, clearly explained in references [46], 
[40], [21], and [47]. The most effective method that is widely used to prepare graphene oxide 
materials is the modified Hummers technique. 
 The Modified Hummers Technique  
 Tour and co-workers modified the Hummers technique by increasing KMnO4, 
eliminating NaNO3, and conducting the reaction in H2SO4/H3PO4 with a 9:1 mixture by volume 
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[31], [9], [48]. These adjustments successfully increased the yield of the reaction and reduced the 
evolution of toxic gas. A recent study illustrated the process to etch the basal planes of highly 
ordered pyrolytic graphite (HOPG) using a hot mixture of HNO3 and H2SO4 [31]. In this study, 
the graphene sheets of HOPG were successfully cut and exfoliated subsequently through a long-
standing treatment. This observation directs that the H2SO4/HNO3 mixture, utilized in the 
Hummers method, performs as a chemical ‘‘scissor’’ and ‘‘drill’’ for graphene sheets to simplify 
the oxidation solution’s penetration.  
However, KMnO4 is considered as one of the most robust oxidants, particularly in acidic 
media [8]. Thus, an entire reaction of graphite and concentrated H2SO4 can be accomplished with 
the assistance of KMnO4, which forms graphite bisulfate. This complete intercalation ensures the 
KMnO4 solution actually penetrates to graphene layers for the graphite oxidation. Consequently, 
KMnO4 can also replace NaNO3, which is unnecessary for the graphite oxide synthesis via the 
Hummers technique.  
2.2.3. Preparation of Gold Nanorods (AuNRs) 
 A seed-mediated growth technique [49] was effectively used with little modification, 
silver ion-assisted, to prepare gold nanorods [50]. To summarize, seeds are made  through 
diluting 10 ml of an aqueous solution comprising of 0.25 ml gold tetrachloride (HAuCl4) in 10 
ml cetyl trimethyl ammonium bromide (CTAB) in a plastic tube, gently mixing with 0.6 ml of 
0.01 M sodium borohydride (NaBH4) [38], [50], [51]. Two hours later, 10 µl of the prepared 
seed solution is mixed to 10 ml of another preparing solution containing 0.5 mM HAuCl4 and 
0.08 mM silver nitrate in 0.1 M CTAB together mixed with 0.0788 M ascorbic acid. The 
prepared solution is lightly blended for one minute and after that kept untouched for one day at 
room temperature to allow the nanorods to be completely grown. The grown gold nanorods are 
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detached from extra surfactants and spheres, sent through three sequential centrifugation for 5 
to10 minutes at 14,000 rpm, and re-dispersed in deionized water.   
 In this growth method of gold nanorods, CTAB assisted stabilized gold nanoparticles 
with spherical shapes are utilized as prepared seeds to develop into nanorods through successive 
and quick addition of synthesizing solutions having CTAB surfactant, gold salt, and Ag ions. 
Also, it is important to add ascorbic acid to weakly work as a reducing agent. In the process of 
seed mediated growth, CTAB synthesis solution, including both Ag ions and Au (III) complexes, 
is added to the produced seeds having ascorbic acid working as a chemical reductant. In this 
method, the surface stabilizer that has been used is CTAB, which binds to the nanoparticles 
surface. In general, surface stabilizers control particle growth and the shape evolution, reduce the 
surface energy, and avoid nanoparticle coagulation [38], [50], [51]. The refractive index of gold 
nanorods in water solution is 1.45 [51]. Also, according to this study, gold nanoparticles have 
generally high chemical stability as they disperse in aqueous solutions [51]. 
2.3. Graphene and Gold Nanorods 
It has been declared that the refraction of a material surrounding metal nanoparticles 
probably depends on temperature. Subsequently, the electron-hole pairs decay to phonons and 
finally results in the plasmon decomposition into lattice heat. Hence, the coupling of phonons 
and plasmons has been stated for graphene and semiconductors [52]. At the nanoscale, one 
advantage of the interaction between phonons and enhanced light matter is the weaker damping 
for phonons, which therefore permits sharper and stronger optical resonances. Lately, the doped 
graphene has shown the potential to serve as a distinctive two dimensional (2D) plasmonic 
candidate with great advantages, such as longer plasmon lifetime and lower losses [52]. 
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2.3.1. Plasmon-Phonon Coupling in Graphene 
      In electronic materials, as the plasmon frequencies of the free carriers are equivalent to 
phonon frequencies, the plasmon-phonon coupling will occur. The plasmon frequency linearly 
depends on the concentration of the free carriers [39], [52]. It is the resonant transfer of 
momentum and energy from plasmon to the phonon mode; as plasmon momentum and energy 
matches that of the phonon mode, the coupling will be effective. The Fermi energies of typical 
metals are on the order of a few electron volts, and thus it is difficult to create plasmon-phonon 
coupling [39]. The greatest feature of graphene materials is the bandgap that can be tuned over 
wide range from 0-1 eV, thus plasmon-phonon coupling can be observed. 
2.3.2. Graphene-Gold Nanorod Interface 
In interface direct contact, electrons move from nonfunctionlaized graphene (NFG) to 
gold nanorods (AuNRs) to reach a united Fermi level. Under laser excitation, electrons are 
moved from the valance band (VB) into the conduction band (CB). Figure 2.4 shows that 
intermediate states of AuNRs are flat and extend into NFG. Considerably, AuNR metals own 
large density of states [53]. Thus, the excited electrons have higher transfer probability to metal 
(AuNRs) states across the surface than to the valance bands of the NFG sample. To explain, the 
excited electrons in NFG move to the metal states of AuNRs before coming back to valance 
bands. 
As seen in Figure 2.4, shifts of Fermi level are because of the charge transfer, and the 
work functions of both graphene and metal are indicated. ∆V is the built in potential difference 
due to the charge built up at the interface between the graphene and the metal. ΦG and ΦM are the 
work functions, respectively, of the graphene (4.4 eV) and the gold (5.4 eV). Ef is the Fermi level 
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of the metal energy bands, which shifts in the presence of metal dopant by ∆Ef. The black arrows 
point to the photo-excitation process and the red cross mark indicates the Pauli blocking [53].  
 
Figure 2.4. Energy diagram schematic of graphene-metal interface and consequential common 
Fermi level. Duplicated from [53]. 
The interface between the metal and the graphene could be explained through two situations 
[53]:  
1. In the case of non-resonance (Pauli block): The metal particles modify the energy band 
structure of graphene because of the charge movement between the metal and the 
graphene. The photo excited carriers get a large density of the allowed states, provided by 
the metal particles. These excited carriers relax through the metal interband transitions to 
the valance band of graphene. At higher laser intensities, higher photo absorption (TPA) 
could also occur in metal-graphene materials [53]. 
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2.  At Resonance: the plasmonic resonances of metal nanoparticles have a prominent 
absorption band. Therefore, besides the interband transition among d and s-p bands, a 
direct excitation to the plasmonic resonance band induces additional polarization at the 
resonance wavelength. In addition, electron photo ejection could contribute to the 
observed nonlinearity. These three mechanisms simultaneously result in lowering the 
reverse saturated absorption (RSA) threshold at resonance compared to the non-
resonance case [53]. 
2.3.3. Surface Plasmon in Metal Nanostructures 
 At the interface between metal and dielectric, the collective oscillation phenomenon of 
conduction electrons is known as a surface plasmon resonance (SPR). Gustav Mie was the first 
to describe SPR on the light scattering through small spherical particles using the 
electromagnetic (EM) theory of Maxwell [54]. As the interaction between a metallic system and 
an EM radiation with a specific wavelength occurs, free electrons in the conduction level will 
oscillate to the stable positive ions. As the exiting field is in resonance with the oscillation 
frequency of the electron, a strong EM field develops close to surface of the nanostructure 
material. This EM field could be used for enhancing linear and nonlinear molecule 
characteristics that are absorbed or bound to the surface of the metal.  
 To deeply understand the SPR, the metal dielectric function is introduced that is 
dependent on the plasmon frequency to characterize the oscillation of the free electrons. The 
following equation expresses the dielectric function of the metal εD(ω) as: 




                                                       (Equation 2.1) 
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where the specific collision rate ( γ) is responsible for electron damping oscillations. Also, the 
plasmon frequency (ωp) characterizes the free electrons oscillation and is written as: 
                                                 ωp = √
ne2
ε0m
                                                                (Equation 2.2) 
where the refractive index is n, the electron charge is e, the free space permittivity is 𝜀0, and the 
electron mass is m. Also, Paul Drude proposed the simple and effective model to explain the 
interaction of metallic with EM radiation [55], included in Appendix A. 
2.3.4. Heat Transfer within Metal Nanoparticle-Host Material  
In the energy relaxation, the last step is the heat exchange among the metal nanoparticles 
and the host material. This process occurs in a time range over 100 ps, and that heat transfer is 
sensitively changed by the thermal conductivity of the host material [56]. At this time scale, the 
nanoparticle lattice temperature is comparable to the electron temperature. The equation of 
simple diffusion is used to study the thermal diffusion from metal nanoparticles to the 
surrounding medium as:   




2Θsubst                                                  (Equation 2.3) 
Here the heat diffusivity in the substrate is Dsubst, and the thermal distribution outside the 
metallic nanoparticle (Θsubst) is obtained using Equation 2.3, which is dependent on the time (t) 
and the distance (r). The thermal diffusion is neglected inside the nanoparticle in the case of 
using a dielectric substrate because the metal diffusivity (Dm) is generally larger than Ddiel by 
1000 times. Inouye and his coworkers established that gold nanoparticles have a slow decay of 
around 120 ps, which specifies the heat transfer between the metal nanoparticles and the 
substrate [56].  
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2.4. Analytical Characterization Techniques  
2.4.1. UV -Visible -NIR Absorption (Shimadzu) Spectrophotometry 
UV-Vis-NIR spectrophotometry is a quantitative tool that measures the material absorbance, 
reflection, or transmission as a function of light wavelength due to the sample radiation. As the 
resonant photon energy gets absorbed by the sample, electrons in the ground energy level move 
to the upper excited level. The absorption intensity is dependent on the energy states’ density of 
the equivalent transition. Also, the absorption versus photon wavelength or energy produces the 
absorbance spectrum [57]. Figure 2.5 illustrates the general overview of the light path in the 
absorbance spectrophotometer.  
 
Figure 2.5. Light path in the absorbance spectrophotometer. 
 The single beam light and double beam light link the light intensity between the two 
paths, where one path contains a reference material and the other path contains the test material. 
The light source interacts with the material, thus a portion of the light is reflected and/or 
transmitted through the material. The light from the sample goes through the entrance slit of the 
monochrometer. The monochrometer splits the light wavelengths and then sequentially focuses 





      
 
is the preferred degree to prevent the reflected or transmitted input light from reaching the 
photodetector. In addition, a monochrometer contains a diffraction grating, and this produces the 
analytical spectrum. The spectroscopy grating can be either fixed or movable. Thus, the detector 
measures the intensity of the light at each individual wavelength. 
In this research, the absorption spectra of all studied graphene thin films were completed 
using the Shimadzu UV-3600 Spectrophotometer [58] at room temperature, shown in Figure 2.6. 
The measurable light wavelength ranged from 185 to 3300 nm, with a 0.1 nm spectral resolution. 
The diameter of the light beam was 1 mm. Theoretically, the coefficient of one photon 




, which is 
approximately 2.3% absorbance [34]. 
 
Figure 2.6. UV-3600 Shimadzu spectroscopy. 
2.4.2. Raman Spectroscopy  
Raman spectroscopy is a spectroscopic method to investigate material modes including 
rotational, vibrational, and other low frequencies. A spectrum of the Raman effect demonstrates 
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the energy shift of the excitation laser, which is a result of inelastic scattering by the material 
molecules [59]. The excitation laser is monochromatic light. The light ranges are either near 
infrared, visible, or ultraviolet. First, the light source will either excite or annihilate bond 
vibrations of the material molecules. The energy shifts give information about the material 
vibrational modes. Figure 2.7 illustrates the experimental setup of the Raman spectroscopy. The 
laser light excites the material, and a lens is used to collect the light from the illuminated spot of 
the sample. After that, the light goes through a monochrometer to a detector. Therefore, it will be 
easy to identify the molecules via their distinctive Raman spectra since atomic bonds are 
different for different molecules. Raman spectroscopy is considered a nondestructive method 
since only molecular vibrations are annihilated or excited [60]. 
In this research, Raman spectra of the graphene thin films were considered through 
utilizing the Horiba HR800 Raman system [61], located in the Optics lab of Nano Science and 
Engineering building at the University of Arkansas.  
 
Figure 2.7. Experimental setup of Raman spectroscopy. 
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 Raman Spectrum of Graphene Materials 
Raman spectra of graphene samples offer detailed information about the structure of the 
crystal and electronic band, the dispersion of phonon energy, and the phonon-electron interaction 
in sp
2
 carbon systems. Monitoring of this spectrum makes it easy to analyze all graphene 
properties through the following features of the Raman spectrum: the width, position, integrated 
line shape, and intensity. The graphene properties that can be extracted are the following: 
number of layers, dispersion of linear electronic energy, doping, strain, defects, boundaries, grain 
and edge, crystal orientation, and thermal conductivity [32], [59], [62]. One of the important 
properties that could be pulled from Raman spectra is the number of graphene layers. Raman 
spectrum is considered a fingerprint for a few layers of graphene as well as for other properties 
[60], [32], [63]. Three dominant peaks are commonly found in all Raman spectra of graphene 
films: D peak, G peak, and 2D peak.  
1. The D Band 
The D band from Raman spectra is identified as the defect or disorder band. The disorder 
presence in sp
2
 hybridized carbon materials effects Raman spectra to be in resonance, which 
makes Raman spectroscopy an effective method to investigate the disorder in carbon materials 
[32]. The D band denotes the disorder on the graphene structure. Typically, the D band is small 
in graphite as well as in pure quality graphene materials [32], [64]. If the width of the D band is 
large, this indicates the presence of many material defects, and the D intensity is also directly 
related to the defect levels.  
The D peak ranges from 1320 to 1365 cm
-1
. When the disorder amount in graphene 
material grows, the Raman intensity rises in all three peaks [62]. The intensity ratio of those 
Raman peaks (ID/IG) could distinguish the disorder level in graphene. ID/IG displays two various 
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behaviors as the disorder level in graphene increases. The first regime occurs at a low defect 
density, while the intensity ratio (ID/IG) increases when a high density of defects generates 
further elastic scattering. The other regime is at high defect density, where ID/IG will start to 
decline when a growing defect density causes a further amorphous structure of carbon-structured 
materials. Those two regimes are respectively denoted to the phases of nanocrystalline graphite 
materials and primarily amorphous carbon materials. Graphene materials are considered to be in 
the regime of nanocrystalline graphite [62].  
2. The G Band  
The G peak is due to the Raman scattering of the Stokes emission of one phonon [63]. 
Also, the Raman G band has a single Lorentzian curve shape, and it is observed to shift to lower 
wavenumbers as the number of graphene layers rises [59], [60]. Usually, the G peak ranges from 
1560 to 1595 cm
-1 
[64]. The G band width also declines and the frequency is blue shifted as the 
doping concentration is increased [64]. The G peak appears due to the C-C bond stretching in 
graphene, and that is typical in all carbon materials.  
Furthermore, the intensity of the G band can be utilized to determine the thickness of 
graphene layered materials. In Raman spectra, the G intensity increases with the number of 
layers (up to ~ 7 layers) and then declines for thicker samples (~ 23 layers and for graphite) [60]. 
Empirically, the G band position could be associated with the number of atomic layers through 
the following expression [32]: 
                                             ωG  = 1581.6 + 11/( 1 + n
1.6)                                    (Equation 2.4) 
Here ωG is the G position in wavenumbers, and n is the number of layers of the material. 
As the layer thickness gets larger, the position of the G band will be shifted to lower energy, 
 
28 
      
 
which represents a trivial softening of the carbon bonds within each addition of a graphene layer 
[32]. It is worthwhile to pay more attention when applying the G band position as a method to 
define the thickness of graphene materials due to the fact that this band position is affected by 
many parameters, including doping, temperature, and even the sample strain [32].  
3. The 2D Band  
The 2D band is known as the second order of the D band [32] ,[64]. The 2D band is the 
result of the vibrational process of a two-phonons. The double resonance of Raman process 
could be used to explain the 2D band, which has a direct relation to the graphene electronic band 
structure [60]. As the number of graphene sheets is getting higher, the structure of the electronic 
band changes and reaches that of graphite [60]. All Raman spectra of sp
2
 carbon materials 
illustrate a strong peak ranging from 2500 to 2800 cm
-1
. 
The intensity, width, position, and shape of both G and 2D Raman bands change as a 
function of the number of graphene layers [65] since the 2D band initiates from the scattering of 
the double resonant of two-phonon emissions. It is useful to know that the ratio of G and 2D 
intensities (I2D/IG) could be investigated to determine the graphene thickness [32].   
2.4.3. Atomic Force Microscopy (AFM) 
 Atomic force microscopy (AFM) is an effective analytical characterization technique that 
can measure not only the width of features on a surface but also it provides the height 
information at a resolution of one nanometer [59]. Moreover, due to the high resolution of 
topographic information, local properties, including stiffness and adhesion, could be studied 
through analyzing the interaction forces amongst the sample and the tip. Typically, AFM 
consists of a laser, a scanner, a 4-quadrant photodiode, and a cantilever with a fine tip at the free 
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end, as presented in Figure 2.8. The laser beam is focused on the cantilever back, and then 
reflected to the photodiode. The cantilever bending can be precisely detected by the photodiode, 
which is sensitive to the position change, such as the feature height on the material surface [66]. 
In the AFM scanning, a fine metal tip is attached to the cantilever end and then brought in 
contact or close to the material surface [66].  
 
Figure 2.8. Components of AFM measurement. 
 When tapping mode is used, the cantilever oscillates nearly to its resonance frequency, 
which sensitively depends on the acting force between the sample and tip. When a particular 
shift, with respect to this frequency, is held constant, the topography of the sample surface can be 
recorded by scanning the tip on the material surface. Specifically, the oscillation amplitude 
changes as the cantilever is oscillating with a fixed frequency. Tapping, contact, and non-contact 
are basically the three modes to operate AFM [67]. 
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 Contact Mode  
The cantilever tip is physically in contact with the material surface in contact mode for 
the entire scanning time. During the scan, the cantilever deflection is monitored using a 
photodiode. The main disadvantage of the contact mode is the high possibility of damaging 
either the AFM tip or the material surface due to the contact force between the AFM tip and the 
material. In addition, the resolution of the AFM images is low when using the contact mode [66],  
[67], [68]. 
 Non-Contact Mode 
 In the non-contact mode, the material surface is scanned with no contact with the AFM 
tip. During the AFM scanning, the frequency of the AFM tip fluctuation, on the surface of the 
fluid sheet, is greater than the cantilever resonance. Though there is no direct interaction force 
negatively affecting the material surface, the adhesive force between the material surface and the 
AFM tip causes perversion on the morphology of the material surface. Drawbacks such as low 
resolution and slow scanning speeds limit the applications of this AFM non-contact mode [68], 
[66]. 
 Tapping Mode  
The tapping mode takes advantages of both contact and non-contact operations. The 
material surface is scanned using an AFM tip with a cantilever. Here, the tip slightly touches the 
surface without damaging the morphology of the material surface. During scanning, a feedback 
loop controls the oscillation of the AFM cantilever to be constant, thus the interaction between 
the tip and the material is preserved. Among other AFM modes, the tapping mode overcomes the 
low accuracy due to the fluid layer, without damaging the material surface or degrading the AFM 
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tip. Additionally, AFM scanning in tapping mode has small errors, which are affected by the 
shape and the size of the sharp tip as well as the scanning noise [66], [68]. Figure 2.9 
demonstrates a schematic diagram of AFM operating in the tapping mode [66]. 
 
Figure 2.9. Schematic diagram of the AFM in tapping mode [66]. 
 Experimental Setup 
 For the AFM experiment, a Nanotech Bruker 3100 Dimension V microscope is used [69], 
and the AFM experimental setup demonstrated in Figure 2.10 with the process to get AFM 
images, is summarized in the following steps.  
1. Place the cantilever on the tip holder, then mount them on the AFM head. 
2. Adjust the laser on the cantilever. 
3. Adjust the laser spot on the photodiode. 
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4. Install the sample on the metal disc stage. 
5. Position the AFM-head over the sample. 
6. Focus on the cantilever and then on the surface.  
7. Tune the cantilever, then engage 
8. Start scanning by choosing the scan size.  
9. Capture the image. 
10. Run spectroscopy experiments at various points on the surface. 
 
Figure 2.10. Schematic diagram of AFM setup. 
The study of graphene properties has a huge impact on developing various fields 
including condensed matter physics and materials research since the successful graphene 
preparation in 2004 [70]. After the graphene discovery, several techniques such as Raman 
spectroscopy and AFM was used to confirm the existence of mono layer and multilayer of 
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graphene (graphite). Moreover, the AFM method has high reported accuracy to define the 
variation of graphene thickness up to 1 nm [66].  
Basically, AFM is used considerably to characterize nanomaterial surfaces because of the 
high resolution in height measurements. In the tapping mode of AFM, the force gradient between 
the sample and the tip controls the distance. Thus a surface, with constant force gradient, is 
mapped. The photodiode effectively detects the change, and the tip-sample distance is changed 
through a controller to keep the present amplitude constant. The tapping mode was used to get all 
AFM images of the graphene materials in this research. Table 2.1 illustrates the appropriate 
parameters that were used for the AFM scanning probe in the tapping mode. 
Table 2.1. Parameters of the AFM probe.  
AFM Parameters 







Spring Constant 40 N/m 
2.4.4. Transmission Electron Microscopy (TEM) 
Transmission Electron Microscopy (TEM) is an analytical characterization method, 
which is commonly used to image nanoscale materials. TEM offers some unique advantages 
when compared to other imaging techniques. It allows one to obtain images of almost any object 
with high resolution and this makes it an attractive analytical tool in various fields, ranging from 
medicine to materials science. In this method, high-energy electrons are guided through a system 
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of electromagnetic lenses and projected onto a thin sample. Some of these electrons are 
transmitted through the sample after interacting with its atoms and will reach the projection 
chamber of the microscope. A film or a camera can then be used to collect an electron image of 
the desired area. The TEM is significantly more powerful than the light microscope and can 
provide images with atomic scale resolution [71]. Thus, this technique was selected in this 
research to study the morphology of gold nanorods at the nanoscale. The shape and size of the 
rods were directly obtained from TEM images [71], [72]. Figure 2.11 illustrates  the FEI 80-300 
TEM instrument [73], [74] which was used in this research to study the AuNR samples.  
 
Figure 2.11. FEI Titan 80-300 TEM. 
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2.4.5. Environmental Scanning Electron Microscopy (ESEM)  
Environmental Scanning Electron Microscope (ESEM) is one of the most used analytical 
tools to characterize the morphology and the chemistry of nanomaterials surfaces [75]. The 
ESEM can be operated in both high-vacuum and low-vacuum modes. In high-vacuum mode, the 
ESEM operating mode is no different than that of any standard SEM and imaging of any sample 
is straightforward provided its surface is conductive. When the sample surface is non-conductive 
or not fully dry, the high-vacuum mode is not appropriate. In such case, the ESEM needs to be 
operated in wet or low-vacuum mode. The possibility to control the humidity in the chamber 
coupled with availability of gaseous secondary electron (GSE) detectors have made the ESEM 
technique an effective and unique way to image non-conductive surfaces [76].  
In low-vacuum mode, the ESEM vacuum system is different from that of a standard 
SEM, where SEM allows the electron beam to transfer from the column area under high vacuum 
to the material chamber under high pressure. The ESEM uses electromagnetic lenses to focus the 
electron beam on the material surface. The beam forms a small spot of a few nanometers in 
diameter, and it is rastered over the area of interest of the sample using scanning coils. The GSE 
detector is used to collect the low energy electrons escaping the sample surface for each position 
of the electron beam. The signal processing unit of the ESEM converts the electrical current  
collected into pixel value for all beam positions resulting in a final image [76].  
            In this research, functionalized and non-functionalized graphene with gold nanorod 
samples (AuNFG and AuFG) were analyzed using a Phillips XL-30 ESEM [77], that was 
operated at 10 to 30 kV in low-vacuum mode. The instrument, as illustrated in Figure 2.12, is 
located in the Nano Science and Engineering building of the University of Arkansas, inside a 
room specifically designed for high-end instrumentation. 
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Figure 2.12. Environmental Scanning Electron Microscope (ESEM). 
Images obtained with the ESEM were used to estimate the density of AuNRs in the 
graphene sample on glass substrates. Those images were equipped using an outer detector that 
collects the secondary electrons with 10 keV energy.  
2.4.6. Detectors 
1. CCD Camera  
A CCD (charged coupled device) camera is an integrated-circuit chip, etched onto a 
silicon substrate, forming light sensitive elements, pixels, which comprise an array of capacitors 
to store charges as light generates electron-hole pairs [78]. Each pixel functions as a power meter 
to give an image, which represents the laser intensity. The charge accumulation is recorded in a 
stable time interval. As a picture is imaged with a CCD camera, the incident light on each pixel 
could excite electrons from their atoms to charge the capacitors. The output voltage depends on 
 
37 
      
 
the number of photons that hit each pixel, and then the output is converted to a digital signal. 
Thus, to get the image data, the accumulated charge at each pixel has to be measured first, a 
circuit records the charge amount in each capacitor in the lowest row, and then the information 
determines the light brightness in each pixel. At the end of the exposure time, the electrons at 
each pixel are passed to a charge-sensing node, enlarged, and digitalized by read out electronics 
and are finally sent to a computer [78].  
Figure 2.13 illustrates C2741 Hamamatsu CCD camera [79] that was mostly used in this 
research to characterize the Ar
+
 laser beam. It was found that the Ar
+
 beam profile had a 
Gaussian distribution and also the beam size at the detector plane was determined. To confirm 
the CCD camera reading, a HeNe laser was used to calibrate the CCD camera, detailed in 
Appendix C. Table 2.2 demonstrates some specifications of the CCD camera.  
 
Figure 2.13. Hamamatsu CCD camera, connected with LBA PC software. 
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2. Melles Griot Power Meter 
The optical power meter is a simple tool to be used in measuring the light power, 
average, peak power, peak-to-peak, true rms, and ac rms. The power meter usually consists of a 
detector, a controller and a set of accessories. The detector head is either germanium or silicon 
that is spectrally standardized using the calibrated data that is kept in a distinctive memory 
component inside the head of the detector [80]. Table 2.3 below illustrates some specifications of 
Melles Griot 13PEM001 universal power meter that was used in this research as a detector [79]. 
Here are some of the controller specifications of the Melles Griot universal optical power 
meter [80]: 
Hamamatsu Camera Parameters 
Model 
Number of Pixels 
C2741 
768 (H) x 494 (V) 
Effective Number of Pixels 752 (H) x 482 (V) 
Effective Scanned Area of Tube 12.7 (H) x 9.5 (V) mm 
Cell Size 8.4 μm x 9.8 μm 
Higher Gain  10 times higher 
Lower Dark Noise About 1/10 lower 
Effective Pixel Size x = 34.1μm, y = 37.9μm 






      
 
 Range: 8 decades, TIA gains of 103 – 1010 V/A 
 Display Resolution: 4 digits 
 Bandwidth: 50 kHz max – 30 Hz min. 
  Power Requirements: 
 Voltage: 115 V ac + 10%, - 20%, 230 V ac ± 10%, rear– panel selector switch 
 Frequency: 50-60 Hz 
 Dimensions (W x H x D): 191 mm x 133 mm x 108 mm 
 Weight: 2.5 kg 
 Temperature:  +15 oC to +35 oC (operating) 
Table 2.3. Melles Griot silicon detector specifications [80].  
3. Hand-Held Optical Power Meter 
 The Newport Model 840-C hand-held optical power meter is well-matched with 
Newport’s entire 818 series silicon detectors that are operated at low powers [81]. It is a good 
instrument to sensitively measure AC or DC peak-to-peak optical power with an accurate sensor 
calibration of full spectrum, fast sensor adjustment, and easy to use host features. Typically, this 
kind of power meter includes a photodetector, an electronic display, and a memory module [81]. 
The detector connects to the power meter using an in-line module. The photodetector connects to 

















Responsivity NEP @  
5 Hz and 
 1 A/W 
1.13 190 – 1100 5 pW – 
200 mW 
0. 1 ± 2 ± 0.5 > 0.09 A/W, 






      
 
connects to the display via a sub-miniature eight-pin Deutsches Institut für Normung (DIN) 
connector. Table 2.4 illustrates the properties of the Newport hand-held optical power meter.  
 Table 2.4. Newport 840-C hand-held optical power meter specifications [81]. 
Instrument Specifications  
 Display type: 4-digit LCD w/backlight 
 Sampling Rate: 2.5 Hz 
 Gain range: 6 decades, DC; 4 decades, AC Pk-Pk 
 Full Scale readings, Low-Power detector: 100 nA- 5 mA 
 DC Accuracy, 100 nA range, full scale: ± (0.5% + 50 pA) 
 Peak-to-Peak Accuracy, 50 Hz to 1 kHz: square wave ± 5%, sine wave ± 1% 
 Analog Output Accuracy, 100 nA range: ± (2.5% + 15 mV) 
 Analog Output: BNC, 0-1 V into 1MΩ 
 Temperature Coefficient:  0.1x Accuracy/oC 
 Dimensions (W x H x D) (mm): 183 x 76 x 38 
 The diameter of the power meter head is 1.2 cm, which is much larger than the beam 
diameter around 3 mm at far field detector, so there is no need to use a lens in front the detector 
Silicon Detector  
(13 PHD 001) 








Detector Head Only 5 pW – 1 mW 400 – 1100 5 pW ± 3% 
10 mm clear 
aperture 
5 nW – 2 W 
(with attenuator) 






      
 
to cover the whole beam. Table 2.5 gives a brief description of digital display work functions 
[80]. 











 Laser Components  
In the laser head, the active medium is ionized gas plasma that is contained in a tube at 
low pressure. As a DC current is passed inside the gas tube, the provided energy is transformed 
to laser light via simulated emission [82]. The plasma tube is located inside the laser cavity that 
contains two mirrors, which are dielectrically coated. The plasma discharge is confined using a 
magnetic field that controls the recirculation of internal gas and the density of the laser current. 
The magnet sheath is used around the laser tube to accomplish the confinement, and that sheath 
Function Meaning 
nW, µW, mW, or W Selection of Power Display Range, Nanowatts, Microwatts, 
Milliwatts, or Watts. 
 




Indicator of low battery 
P-P Selection of Peak to Peak Measurements 
 
Selection of Background Correction 
 
Selection of Audio Output 
 
Selection of Shift 
nm Identification of used wavelength to determine the responsivity of 
the detector 
 
S, M, or F Selection of Time Constant as Slow, Med, or Fast 
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provides a water channel to cool the produced heat in the plasma system.  
1. Laser Head 
Inside the laser head, a beam pick-off aims a portion of the output light to a photocell. 
The control circuitry uses the photocell current to give the output power of the laser. All Innova 
ion lasers have an intracavity aperture to shape the laser beam [83]. The shape of the output laser 
beam is controlled by adjusting the intracavity aperture, so a Gaussian TEM00 is possibly 
produced as the laser intensity distribution. The laser optical cavity could be precisely aligned by 
tuning the two screws on the high reflector mirrors. Also, the laser wavelength can be adjusted 
via the vertical control knob.  
2. Power Supply 
The power supply is needed to start and maintain the plasma discharge. For large argon 
ion laser, the power supply may be required to deliver up to 45 ampere of DC current at up to 
600 V DC. Inside the power supply, there is firmware in the control board to control the laser 
system. Usually, a RS-232C interface or the remote control module is used to access the 
operating system [82], [83]. 
3. Brewster Windows 
Typically, gas lasers have a tilted window at Brewster’s angle, allowing the laser beam to 
get out of the laser tube. Due to the fact that some polarized, not p-polarized, laser light was 
reflected via the window, the s-polarization gain is condensed but the gain of p-polarization is 




      
 
4. Light and Current Regulation Modes 
An analog/digital connector is positioned on the rear panel of the power supply. This 
connector operates between 0-5 V DC and allows standard control of the laser system. The 
common module is current regulation, where the power supply maintains the tube current to be 
constant. The tube current value is controlled through the remote controller. Usually, higher laser 
output powers are produced by higher currents.  
In Innova 90C Ar
+
 laser, the power stability and noise is measured for the single line of 
514.5 nm wavelength over 30 minutes [84]. In current regulation mode, the power stability in 
long term is recorded to be ± 0.5% and the optical RMS noise is ± 0.2%. 
5. Alignments of Laser Cavity 
 An optical resonator is an arrangement of optical components, which allows a beam to 
circulate (trapped) in a closed path. The two mirrors should be aligned with the centerline of the 
plasma tube, so the mirror surfaces are perpendicular to the centerline of the optical cavity. If the 
two cavity mirrors are not correctly aligned with the optical axis of the laser, the laser beam will 
move beyond toward the cavity edge subsequently after each reflection. The alignment of the 
mirrors in an open cavity laser helps to obtain lasing and finally maximum or peak output power. 
The alignment procedure of the laser mirrors is described below [83], [84]. 
1. Turn on the laser and set the current regulation to maximum (45A) 
2. Be sure the shutter of the intra cavity is on (open position) to maximize the output power 
of the laser. 
3. Press the button of TUNE on the remote controller. 
4. Rotate the rear vertical tuning knob several times in counter clockwise to roll the mirror.  
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5. Pull the mount of the high reflector mirror toward the head rear and then slowly release it 
to go to its original position; this process is called rocking the high reflector mount. If 
there is no lasing, the horizontal tuning knob should be slowly rotated in one direction 
while quickly rocking the mount. 
6. While scanning the high reflector mirror, carefully watch for lasing flash. 
7. In the case of no flashing after three fully turns of the horizontal knob in one direction, 
reverse the tuning direction and repeat the process of scanning until seeing the flashing 
from the laser. 
8. As a flash is observed, rotate the vertical knob in the clockwise direction until continuous 
lasing is seen.  
9. One at time, tune the vertical and horizontal tuning knobs to get optimized power. 
10. Adjust the wheel of the aperture to the preferred setting.  











      
 
CHAPTER 3:    OPTICAL THEORIES 
3.1. Principle of Laser Beam Propagation 
As a laser beam propagates in an isotopic media or free space, the intensity distribution of 
the laser is Gaussian, for a given diameter the divergence is minimal because of diffraction [85]. 
In many applications, the fundamental Gaussian beam is considered the simplest and lowest 
order mode, and the most stable beam. In this research, the Z-scan system was performed using 
an argon ion (Ar
+
) laser, which had a Gaussian beam profile. Therefore, the basics of the 
Gaussian beam propagation were completed using Maxwell’s equations [86]. 
3.1.1. Mathematical Theory of Wave Propagation 
All electrical, magnetic, and electromagnetic (EM), as well as optical phenomena, are 
governed by Maxwell’s equations. In optical communications and optical electronics, the EM 
radiation propagation is often in regions of the current and charge densities of zero [86]. The 
intensity distribution at planes is perpendicular to the propagation direction. The mathematical 
theory starts with Maxwell equations in a free charged, isotropic medium to derive Gaussian 
beam’s properties: 
                                                     ∇ × E⃑ =  −μ
∂H⃑⃑ 
∂t
                                                           (Equation 3.1) 
                                                    ∇ × H⃑⃑ =  ε 
∂E⃑⃑ 
∂t
                                                                 (Equation 3.2) 
                                                    ∇ . E⃑ =  0                                                                          (Equation 3.3) 
                                                    ∇ . H⃑⃑ = 0                                                                          (Equation 3.4) 
where the material dielectric constant is ε(ω) and the material permittivity is μ. 
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The wave equation is derived by taking the curl of Equation 3.1 and replacing ∇. H⃑⃑  using 
Equation 3.2; leading to 
                   ∇ × (∇  × E⃑ ) =  −μ. ∇ × (
∂H⃑⃑ 
∂t
 ) =  −μ
∂(∇×H⃑⃑ )
∂t
   =  −με
∂2E⃑⃑ 
∂t2
                       (Equation 3.5) 
The left side of Equation 3.5 could be extended and rewritten as: 
                 ∇ × (∇ × E⃑ ) =  ∇ (∇ . E⃑ ) − ∇2E⃑  =  −με
∂2E⃑⃑ 
∂t2
                                                 (Equation 3.6) 
By eliminating ∇  × E⃑  using Equation 3.3, the Equation 3.6 becomes: 
                                                  ∇2E⃑  − με
∂2E⃑⃑ 
∂t2
 = 0                                                            (Equation 3.7) 
The last expression represents the wave equation of the electric field (E⃑ ) in isotropic and 
homogeneous media, and a similar expression could be easily shown for the magnetic field (H⃑⃑ ).  
 The solution of monochromatic plane wave is well known and satisfies the 
electromagnetic wave, Equation 3.7 [86]. 
                                                     E⃑ =  a⃑  Aei(ωt−k⃑
 r⃑ )                                                           (Equation 3.8) 
Here the amplitude (A) is a constant value, the electric polarization is represented by the unit 
vector (𝑎 ), the wave vector is k⃑ , r is the space coordinate, and ω is the angular frequency; where 
                                                   |k⃑ | = ω√με                                                                      (Equation 3.9) 
 Using Equation 3.9 in Equation 3.7, the wave equation could be expressed as a time 
dependent exp (iωt) as follows:  
                                                   ∇2E⃑ + k2 E⃑  = 0                                                               (Equation 3.10) 
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Equation 3.10 is used to have a complete description of the wave equation for lasers 
beams due to the fact that most of the optical beams that propagate in free space are transverse 
electric and magnetic (TEM). In the cylindrical coordinates, the propagation direction is assumed 
to be parallel to the z direction. Thus, the field vector components are in a perpendicular plane 
with the z direction, and the solution for Equation 3.10 could be expressed as: 
                                                       E⃑ =  âE0Ψ(r, z)e
−ikz                                               (Equation 3.11) 
Where  â is the unit vector of the electric polarization, E0 is the amplitude factor that expresses 
the wave intensity, exp (-ikz) represents that the EM wave is a uniform plane wave as it 
propagates, and Ψ measures the derivative of the wave [87].  
 In cylindrical coordinates (ρ, z), the simplest solution of Equation 3.10 is found to be: 






− iψ(z)]                                          (Equation 3.12) 
w (z) is the laser spot radius at z distance from the center, expresses as: 
                                       w(z) = w0√1 + (
z
z0
)2                                                       (Equation 3.13) 
w0 is the minimum size of the laser spot at z = 0, the focus, and z0 is the Rayleigh range that is a 
function of λ light wavelength and defined as:  




                                                                         (Equation 3.14) 
The complex parameter q(z) expresses as:  









                                                      (Equation 3.15) 
where R(z) is the radius curvature of the laser wave at a position (z) that expresses as: 
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)2]                                                    (Equation 3.16) 
The Ar
+
 laser beam is an electromagnetic wave, where its transverse electric component 
and intensity distribution are excellently defined as Gaussian functions [88]. Figure 3.1 illustrates 
the characteristic factors of a Gaussian beam with the fundamental mode (TEM00).    
  
Figure 3.1. Illustration of Gaussian beam parameters. 
In the far field, the angular divergence (θ) of the laser is inversely proportional to the 
beam waist (w0), which is illustrated as:  
                                                θ =
2λ
πw0
                                                         (Equation 3.17) 
At the beam waist, the smaller the spot size the greater the divergence because of diffraction. 
Here, the distance from the laser beam waist to the place where the beam area twice is defined as 
the Rayleigh range [88]. Doubling the Rayleigh range defines the Gaussian beam confocal 
parameter (b) in the following expression:  
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                                                        (Equation 3.18) 
Considering the fundamental transverse mode, the intensity distribution – power carried 
by the beam across a unit area perpendicular to the beam – of the Gaussian beam could be written 
as [89]: 






)                               (Equation 3.19) 
where U(r, z) is the intensity of the Gaussian beam and U0 is the intensity amplitude. 
 The electric field could be expressed as: 









) eiφ(z,t)                             (Equation 3.20) 
where E0 is the electric amplitude at the focus, and q (z) is the complex parameter, which is 
expressed as:       









                                                       (Equation 3.21) 
Therefore, the laser intensity could be written as a function of the input power (P) as 
illustrated bellow [88]:  






)                                 (Equation 3.22) 
Here z is the distance in the propagation direction, r is the radial distance from the z-axis, and w 
is the laser radius. At the center, the laser intensity value is maximum, and the intensity declines 
as the beam travels far from the focus. The characteristic of any Gaussian beam while 
propagation is defined through the spot size w (z), the curvature radius R(z), and the Gouy 
phase φ(z, t).  
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3.1.2. Gaussian Beam through Optics 
A laser beam is an electromagnetic (EM) radiation in which the transverse electric field 
as well as its intensity distribution could be well estimated through Gaussian functions. Most 
laser beams have approximately a Gaussian profile, and in that case the laser operates on the 
fundamental transverse mode (TEM00 ) with respect to the optical resonator of the laser beam 
[90]. As a Gaussian laser beam is refracted by a lens, another Gaussian beam results that can be 
characterized through a new set of laser parameters. This explains why TEM00 is a widespread 
and convenient mode in lasers. Figure 3.2 illustrates the propagation of a Gaussian beam through 
a convex lens. 
 
Figure 3.2. Focusing of Gaussian beam via a thin lens. 
The Gaussian beam propagation description is simplified using the q parameter. To 
clarify, the q parameter variation in the propagation of the free space from z1 to z2 can be 
expressed as:  
                                              q2 = q1+ z2 - z1                                                                                            (Equation 3.23) 
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Here q2, q1 are the beam parameters at z2 and z1 positions. When the beam spot size is minimum 
(w0) and the wave front is planar (R = ∞), at the position z = 0, explicitly, the variation of the 
beam spot size W(z), the beam curvature radius R(z), and the beam phase shift ϕ(z) are stated 
as:  
                             w2(z) = wo












]                           (Equation 3.24) 











]                                      (Equation 3.25) 




) = tan−1 (
z
z0
)                                              (Equation 3.26) 
Efficiently, the Gaussian beam propagation through optical systems can be estimated 
utilizing the ABCD law [91].  
                                               
  





                                                             (Equation 3.27) 
Respectively, q1 and q2 are the Gaussian beam parameters at the input and output of the optical 
system planes [88]. Table 3.1 summarizes the ABCD matrices of some optical systems. 

































      
 
For example, when a thin lens, having a focal size f, is utilized to focus a Gaussian laser 
at a distance z1 from the waist w01, a new focus of the Gaussian beam occurs at a distance z2 that 
is calculated using the following expression:  








                                                      (Equation 3.28) 
And the size of the new waist (w02) is given by: 
















)2                                             (Equation 3.29) 
Also, the beam radius immediately in front of the lens is identical to the beam radius behind the 
lens. A lens changes the curvature of the phase front while not affecting the beam spot size. The 
following expression is the ABCD matrix of a lens with d1 distance.  










1 − d1/f d1
−1/f 1
)                    (Equation 3.30) 
3.1.3. Laser power 
The total laser power (P) is calculated through integrating the intensity over the beam 
area (A) for a specific value of z. In case of having a laser with a spherical symmetric beam, the 
intensity integration could be achieved through studying a concentric ring with a radius of r and a 
thickness of dr [92]. 
   
P = ∫ I(r, z)dA =



















rdr                               (Equation 3.31) 
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Here, n is material refractive index, c is the light speed in vacuum, and E is an electric field, 
which is a Gaussian beam: 








                                             (Equation 3.32) 
Since E0 and w0 are constant, the total power is independent of z and expressed as:  







2                                                    (Equation 3.33) 
 It is predictable because the beam energy is not disappearing but just spreading out while 
propagating. E0 is the field amplitude at the beam center, so the maximum intensity is given by 
[92]: 







2                                            (Equation 3.34) 
For arbitrary z, the beam intensity on-axis could be defined through the following expression:  
                                               I(0, z) =  
2P
πw2(z)
                                                         (Equation 3.35) 
since the beam intensity is defined as the total power per an effective beam area at z position. 

















                                               
Ptr
P
 = 1 −   exp(−2
a2
w2
)                                             (Equation 3.36) 
Here, a is the aperture radius, and w is the beam size at the aperture plane.  
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3.2. Nonlinear Optical Theory 
The interaction phenomenon between a material and an electromagnetic field with high 
intensity is referred to as nonlinear optics. Typically, nonlinear optical properties are studied at 
high intensities that are commonly generated via lasers. The induced polarization of the material 
occurs because the incident optical field is adjusted and thus the EM radiation is well modified at 
the material exit surface [94]. The study of nonlinear optics started in 1960 as the first ruby laser 
was invented, and second harmonic generation (SHG) of quartz was detected in 1961 [95]. The 
different considerations to the NLO changes in the material mostly depend on the light intensity 
and the material symmetry. 
 The NLO effect happens as a specific material is excited with an intense EM radiation. 
In linear optics, the material induced polarization P(ω), by the electromagnetic (EM) field could 
be expressed as [96]:                            
                                          P(ω) =  χ E (ω)                                                 (Equation 3.37) 
Here the material linear susceptibility is χ and the electric field at ω frequency is E(ω). 
Refractive index, dispersion, and absorption are some effects that are associated with the linear 
susceptibility of the material. 
 As the optical field amplitude starts to increase, the material responds nonlinearly to the 
applied field [2]. Thus, higher order nonlinear effects start to show up so that the second-order 
susceptibility is accountable for the electro-optic effect and SHG. In the case of nonlinear optics, 
the material polarization could be expanded using Taylor expansion in E (ω) terms as in the 
following expression:  
P(ω) =  χ(1)(ω)E(ω) + χ(2)(ω;ω1, ω2): E(ω1)E(ω2)   + 
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 χ(3)(ω; ω1, ω2, ω3): E(ω1)E(ω2)E(ω3) +
                                                    …                                                                                            (Equation 3.38) 
The linear susceptibility is χ(1) is represented in the first term. The first order susceptibility is 
responsible for characterizing the linear optical properties of the material, including the 
refractive index and the absorption coefficient. The standard techniques, such as spectroscopy, 
ellipsometry, absorption, and prism coupling, are commonly used to measure the linear optical 
parameters [96].  
The second term is the second order nonlinear susceptibility ( χ(2)) that represents the 
interaction of three waves, which is a third rank tensor with 22 terms. Moreover, the χ(2) 
vanishes in centrosymmetric materials and is the source for SHG, difference and sum frequency 
mixing (DFM) & (SFM). The third order susceptibility ( χ(3)) represents the interaction of four 
waves (three inputs and the fourth one is the output). It is the source for third harmonic 
generation (THG), self-focusing, cross phase modulation, and stimulated Raman scattering [85]. 
χ(3) is a complex quantity where its real component is correlated to the nonlinear refraction (n2), 
and the imaginary one is correlated to the nonlinear absorption (β). In addition, χ(3) is considered 
a fourth-rank tensor that includes 81 terms [96].  
It is interesting that second order-materials have an associated intrinsic asymmetry to 
display any response type. Due to the fact that no restrictions are raised with third-order 
materials in terms of symmetry, thus all materials exhibit third-order nonlinearities, which 
potentially broadens the nonlinear candidate applications. In the last few decades, the NLO field 




      
 
3.2.1. Self-Focusing (Nonlinear Refractive Index) 
The dielectric constant is a quantity to test the material effectiveness to be an electrical 
insulator, or the electrical energy amount that is stored in the material as applying to an 
electromagnetic field. In the linear case, the material dielectric constant, ε(ω), is associated with 
χ(1) as defined in the following expression [96]: 
                                            ε(ω) =  1 + 4π χ(1)(ω)                                               (Equation 3.39) 
The dielectric constant could be replaced with a uniform effective medium, εeff, in the case of 
calculating the refractive index.  
 At low optical field, the refractive index n(ω) is dependent on both the linear 
dielectric, ε(ω), and susceptibility, χ(1), as in the following form:  
                                 n(ω) =  √ε(ω) =  √1 + 4π χ(1)(ω)                                      (Equation 3.40) 
Here n0 is known as the linear refractive index, and n2 is the nonlinear refraction that expresses 
the change in the refractive index when the field intensity increases. The relation between  n̅2 
and n2 is defined as in the following expression [21]:  
                                     n =  n0 + 2 n̅2|E(ω)|
2 = n0 + n2I
2                                  (Equation 3.41) 
                                                      n2 =  
4π
n0c
 n̅2                                                              (Equation 3.42) 
The NLO effect is beneficial in both optical limiting and switching devices. The third 
order susceptibility χ(3) is associated with the material microscopic structure, and the only way 
to fully explain that is through the analysis of quantum mechanics. However, the nonlinear 
optical phenomena could be adequately described using a simple model, like enharmonic 
oscillation. In the case of using an isotropic and centrosymmetric material, the light beam 
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propagation, linearly polarized at (ω) frequency, through the material generates the introduced 
nonlinear polarization, which could be determined as [5]:  
                     P(3)(ω) = 3χ(3)(ω =  ω + ω − ω)|E (ω)|2E(ω)                              (Equation 3.43) 
Thus, the material total polarization is expressed as [96]:  
                   P(ω) =  χ(1)E(ω) + 3χ(3)|E(ω)|2E(ω)                                               (Equation 3.44) 
Consequently, the effective susceptibility can be described as: 
                                     χeff = χ
(1) + 3χ(3)|E (ω)|2                                                 (Equation 3.45) 
The relationship between the nonlinear susceptibility and the refraction change is 
determined by introducing the general expression for the material refractive index as explained 
in the following form: 
                                                   n2 = 1 + 4π χeff                                                    (Equation 3.46) 
Then substituting both the expression of n and χeff, this above expression becomes as: 
                  (n0 + 2 n̅2|E(ω)|
2)2 = 1 + 4π χ(1) + 12π χ(3)|E (ω)|2                      (Equation 3.47) 
Also, by ignoring higher terms of |E (ω)|2, the above expression could be rewritten as: 
                n0
2 + 4 n̅2|E(ω)|
2 = 1 + 4π χ(1) + 12π χ(3)|E (ω)|2                           (Equation 3.48) 
Here both the linear and nonlinear expressions are related by [95]: 
                                              n0 = (1 + 4π χ
(1))1/2                                                (Equation 3.49) 
                                                  n̅2 =
3π χ(3)
n0
                                                              (Equation 3.50) 
Alternatively, the material nonlinear refraction is associated with the field intensity 
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through the following expression: 
                                                2 n̅2|E(ω)|
2 = n2I                                                   (Equation 3.51) 
Here the time-averaged intensity is defined as: 
                                                          I =
1
ε0
|E(ω)|2                                                 (Equation 3.52) 
Thus, n2 is proportional to  n̅2 from Equation 3.47, so n2 is known as the nonlinear refractive 
index, which in SI units is dependent of χ(3) as:  




2                                                        (Equation 3.53) 
Usually, the nonlinear refraction (n2) is experimentally determined and associated with 
the real part χRe
(3)
.  The following chapter describes several techniques to measure n2, such as 
degenerate four waves mixing (DFWM) and Z-scan technique. This kind of polarization relates 
to the change of self-induced index. Thus, the complex number of the third order susceptibility 
from a macroscopic aspect is written as [97]:  




                                                 (Equation 3.54) 
with:                                        χR
(3) = 2n0
2ε0cn2                                                      (Equation 3.55a) 







β                                                         (Equation 3.55b) 
The real value corresponds to the nonlinear refraction (n2), while the imaginary value 
corresponds to the nonlinear absorption (β) that is primarily produced via two-photon 
absorption. It is suitable to define the nonlinear index as a dependent of the intensity because the 
intensity is I α |E|2. The refractive index is affected via the optical wave frequency, which could 
be illustrated as: 
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                                  n = n0 + n2I                                                               (Equation 3.56 a) 
In this equation, the linear refractive index is n0 at low intensity and the nonlinear 
refractive index is described as n2. Thus, the changes of nonlinear refractive index could be 
illustrated as [96]: 
                                              ∆n(I) =  n2 I                                                      (Equation 3.56 b) 
3.3. Theoretical Model for Nonlinear Materials 
In this model, a Gaussian laser beam, with λ wavelength, interacts with a third-order 
nonlinear material, with an L thickness and an α linear absorption coefficient, along the z-axis. 
The beam waist position is assumed to be taken as the coordinate system origin, so at the 
entrance surface of the NL material, the complex amplitude of the electric field could be defined 
as [98]:  







)                              (Equation 3.57) 
Here the radial coordinate is r, at the entrance plane, the coordinate position of the material is z0, 
the wave number is k0, and the air linear refractive index nearby the material is n0. Also, the 
beam radius at the material entrance surface is wp, and the wave front curvature radius is R.  
Kerr nonlinearity is taken into account, after a Gaussian beam propagates with a 
nonlinear material. The total changes of the phase shift that modified the Gaussian beam can be 
written as [98]:  




+ Δϕ(r)                                             (Equation 3.58) 
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The first term in this equation illustrates the beam curvature contribution to the phase shift, while 
the second one illustrates the nonlinear contribution of the phase shift, which is associated with 
the material refraction that is written as: 
                                          Δn(z, r) = n2I(z, r)                                             (Equation 3.59) 
 The following expression demonstrates the relationship between the nonlinear refraction 
and the phase shift.    






2)                           (Equation 3.60) 
Here the induced peak of the nonlinear phase shift is expressed as:  
                                              Δϕ0 = k0Δn(z0, 0)L                                                   (Equation 5.61) 
Thus, the electric amplitude after passing through the nonlinear material can be written as: 






) exp [−iϕ(r)]                       (Equation 3.62) 
The beam intensity distribution in the far field I(ρ) is achieved through studying the 
optical field free propagation in the free space using the integral approximation of the Fresenal-
Kirchholff diffraction as illustrated in the following expression [97]: 
                            I(ρ) = I0 |∫ J0(k0θr) exp [−
r2
wp





                       (Equation 3.63) 
The zero order of a Bessel function is J0 (x). In the far field, θ is the diffraction angle, d is the 
distance between the exit surface of the NL material and the observation surface, ρ is the radial 
coordinate. Here, d is associated with both the radial coordinate and the diffraction angle through 
using the following expression:  
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                                                           ρ = dθ                                                            (Equation 3.64) 
And the expression of I0 is written as [98]:  









                                            (Equation 3.65) 
As the laser beam is divergent, the wave front radius curvature becomes positive, while 
the radius is negative as the beam is convergent. Furthermore, the nonlinear phase shift has a 
positive sign as the beam propagates through self-focusing material. 
3.3.1. Effects of Nonlinear Absorption Coefficient 
The electric field of a TEM00 Gaussian beam, which has a w0 beam waist and traveled in 
the z-axis, could be written as [99]: 









)e−iφ(z,t)                            (Equation 3.66) 
The following equations simplify the nonlinear phase change and the amplitude of the electric 
field (E) for a thin material [28]: 






∆n(I)                                                      (Equation 3.67) 
                                                    
dI
 dz`
= −α(I)I                                                          (Equation 3.68) 
Respectively, I0 and α are the beam intensity and the linear absorption. At the exit surface of the 
nonlinear material, the intensity distribution and the phase shift of the applied Gaussian laser 
beam could be simultaneously found by solving Equation 3.67 and Equation 3.68 as:  
                                        Ie(z, r, t) =
I(z,r,t)exp (−αL)
1+q(z,r,t)




      
 
                                  ∆ϕ(z, r, t) =
kn2
β
ln[1 + q(z, r, t)]                                           (Equation 3.70) 
where at the laser focus, the on-axis phase change can be given by:  
                                          |Δϕ0| =
2π
λ
n2I0Leff                                                        (Equation 3.71) 
                                                  Leff = (1 − e
−αL)/α                                               (Equation 3.72) 
At the material exit, the complex field could be obtained by combining Equation 3.69 and 
Equation 3.70 to get the following equation [99]:  









                                         (Equation 3.73) 
Here E (z, r, t) is the applied electric field. Generally, the previous expression could be written as 
an unlimited Gaussian beams’ sum using a binomial series relation with powers of q for |𝑞| < 1 
as illustrated in the following expression:  











− n + 1)]n=0                    (Equation 3.74) 
The spatial profiles of Gaussian beams are implied in E (z, r, t) and q (z, r, t). However, 
once the aperture is not involved, the transmittance of the Z-scan is only sensitive to nonlinear 
absorption, not to the beam distortion. 
Integrating Equation 3.74 without including the propagation of free space, the total 
transmitted change in the case of open aperture could be expressed as:  
                                            P(z, t) = Pi(t)e
−αL ln [1+q0(z,t)]
q0(z,t)
                                     (Equation 3.75) 
where q0 is the complex parameter that is given by: 
                                          q0(z, t) = βI0(t)Leff/(1 +
z2
z0
2)                                        (Equation 3.76) 
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and                                       Pi(t) = πw0
2I0(t)/2                                                     (Equation 3.77) 
For |q0| < 1, the total normalized transmittance could be described as:   





m=0                                            (Equation 3.78) 
 In the transmittance sum, the first two terms are mostly sufficient to define the nonlinear 
absorption (β). In open aperture Z-scan measurements, the normalized transmittance for m = 2 
could be written as [99]: 








+ 1                                           (Equation 3.79) 
For a Gaussian beam with small losses of the third-order nonlinearities, the absorption change 
can be written as:  
                                                   ∆α L = β Io Leff  << 1                                              (Equation 3.80) 
 The normalized transmittance in energy change (∆T = T(z)-1) could be expressed as:  






                                                    (Equation 3.81) 
3.3.2. Analysis of Z-Scan for a Thin Nonlinear Medium 
The losses due to reflection can be carefully estimated to be linear and thus is ignored in 
Equation 3.74. The distribution of the electric field at the aperture (Ea), placed at d distance from 
the focus could be expressed as: 
















)       (Equation 3.82) 
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= d-z is the distance from the aperture plane and the material in the far field. The 
measured quantity is the average power transmitted via an aperture with ra radius. Then, the 
normalized power transmittance can be expressed as [100]:  
                                     T(z) =







                                              (Equation 3.83) 
U is the same expression of the numerator in the linear regime (I≃ 0), expressed as: 






                                     (Equation 3.84) 
The aperture is removed to define the nonlinear absorption (β), thus the transmittance is 
not sensitive to the beam distortion, and Z-scan data is related just to β. Generally, this 
expression is appropriate to any beam with a symmetric radius. Thus, the distribution of a TEM00 
applied Gaussian beam is specified through the following equation: 









+ iϕ]                     (Equation 3.85) 
The radially invariant of phase terms are irrelevant to this work calculation and hence 
will be ignored. Analytically, the integral, included in Equation 3.84, can be evaluated if it is 
assumed that |q| < 1 in Equation 3.78, a binomial series expansion of Ee in q powers is 
performed. Taking into account that q α I α exp (−r2/w2), Ea could be effectively decomposed 
into a sum of Gaussian beams having various beam parameters by using this expansion as shown 
in the following expression:  
                           Ee = E(z, r, t)e
−
αL




m=0 )                                        (Equation 3.86) 
Here the nonlinear optical coefficients are covered in the term (Fm), which is given by:  











j=1                                      (Equation 3.87) 
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With F0 and ∆ϕ0(z, t) = ∆ϕ (z, r = 0, t) representing the on-axis instantaneous nonlinear phase 
shift. Then, the Ea Hankel transformation gives the electric field as a sum of Gaussian beams: 












+ iϕm)        (Equation 3.88) 
All parameters of the Gaussian beams can be presented by the following expressions [101]:  













2 ],                          (Equation 3.89) 















3.4. Theory of Thermal Nonlinear Effects 
Due to diffusivity of thermo-optical nonlinearity that is caused by absorption phenomena, 
a general theory to investigate the closed aperture Z-scan data has been developed. In this 
dissertation, a theoretical model of thermo-optical effects has been adjusted and generalized to fit 
the closed aperture experimental Z-scan data. Because of thermal lens (light absorption) 
performances on the laser beam propagation, the influences of the refraction via temperature 
rises has been described by thermo-optical effects models [102]. The approximation of linear and 
nonlinear optical thin materials has been adopted by supposing that the material is sufficiently 
thin, and that both linear and nonlinear refraction inside the material are disregarded. This case 
of thin materials is satisfied as both conditions L << z0 and L << z0/∆ϕ are achieved here with 
𝑧0 the Rayleigh range and ∆ϕ is the maximum nonlinearity of the phase shift [102]. Therefore, 
the thermo-optical effects modeling could be separated into two different segments: the 
temperature profile calculation due to light absorption into the material and the thermo-optical 
effects of the phase shift after laser beam propagates through the material. 
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3.4.1. Modeling Temperature Profile 
The first step is to calculate the absorbed power via a material that is irradiated by a laser 
light with a repetition rate (f) sufficiently high to satisfy the cumulative heating condition [102]. 
In this case, the average material heating was considered, thus the energy density that is absorbed 
per second, in the process of q photons absorption, can be expressed as:  
                                           E(z, r) = qhvNσf ∫ Iq(z, r, t)dt                                     (Equation 3.90) 
The photon energy is hv (J), the absorbing centers density is N (cm-3), the cross section of multi-





) and the integration is over the laser duration. Simply, the photon distribution of the 
TEM00 laser inside an optical thin material is expressed as: 






)                                    (Equation 3.91) 
 The pulse power is P(t) in (s
-1
) and the laser size at a z location of the material is w(z). 
Therefore, the generated heat per unit length of dr can be expressed as [102]: 
Q(z, r)2πr dr = E(z, r)2πrdr = qhvNσf(2/πw2(z))q exp [−
2qr2
w(z)2
] H(q)2πrdr (Equation 3.92) 
H (q) can be defined following Twarowski and Kliger as [77]:  
                                                   H(q) = ∫Pq (t)dt                                                  (Equation 3.93) 
In the previous expression, the temperature profile integrated over the source function is written 
as: 





H(q)/4πkq  x {Ei [−
2qr2
w(z)2







]}  (Equation 3.94) 
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Here the thermal conductivity is k (
W
cm.K
), Ei(x) is the function of exponential-integral as 
determined by Gradshteyn and Ryzhik [103], where tc is the time of the thermal characteristic 
and D is the material thermal diffusivity, which is defined  by the ratio of the thermal 
conductivity of the material to  the specific heat per volume (Cp) at constant pressure.  
3.4.2. Propagation of the Laser Beam and the Z-Scan Signal 
The previous expression, which described the temperature profile, introduces the profile 
of a refractive index via the material coefficient of thermo-optical effects dn/dT (k
-1
). Assuming 
a linear and nonlinear optical thin material is used, the laser beam propagation can be calculated 
via multiplying the applied Gaussian laser beam with the phase factor of the thermo-optical, 
which is related to the refraction change [102]. At the material entrance, the Gaussian beam 
amplitude is Gi, then at the exit surface, the amplitude is Go, which is given through the 
following expression [102]: 
                              Go(z, r, t) = Gi(z, r)exp [−
ikdn
dT
∆T(z, r, t) L]                                (Equation 3.95) 
Here the light wavevector is k (cm
-1
) and the material thickness is L(cm).  The signal of the 
thermal lens is normalized by the on-axis field intensity, which is the result of the beam 
propagation from the exit surface to the detector (z = d) to determine the intensity at t = 0 (no 
thermal lens effects).  
Additionally, the time dependent Z-scan data is obtained by plotting the signal of the 
thermal lens as a function of the material position at a fixed time [101]. In general, the 
propagation integral could be evaluated numerically as explained in the following expression: 
             E(0, z, t) = 2π/iλ(d − z)J0(0) ∫ r
`Go(z,  r






              (Equation 3.96) 
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Here the light wavelength is λ, J0 is a Bessel function, and G0 is the field at the material exit 
surface. Accounting for multi-photon processes, the temperature profile is generalized by 
including the strength coefficient of the thermal lens v(q), that is defined as: 









q−1                                   (Equation 3.97) 
Here the beam waist at the lens focus is w0, therefore at the detector plane, the on-axis electric 
field, where the position of the material is normalized (x = z/z0), can be expressed as [102]:  









]                          (Equation 3.98) 
If  v2 is neglected, then the normalized signal of the intensity could be expressed with the 
formula: 














)                      (Equation 3.99) 
This expression is used to describe Z-scan curves that are time dependent due to thermo-
optical phenomena. The curve shape is dependent on the value of the absorption procedures (q), 
but the general shape is similar to the Z-Scan measurement shape of optical nonlinearities [102]. 
The Z-scan signals are very large even with small linear and nonlinear coefficients, which are 
reliant on the laser repletion rate and on the material thermo-optical parameters. In the case of 
using cw lasers, the Z-scan signal is obtained because of both linear and nonlinear absorption 
effects. 
Moreover, the demonstration of thermo-optical absorption coefficients takes into account 
just the thermalized absorbed energy; the analysis of the results should be conducted very 
carefully if the material radiative efficiency is unidentified [102]. In the two photon absorption, 
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the theoretical model explains the normalized transmittance versus the sample position using the 
following form [102]:  
                     TN(z, t) =
I(z,t)
I(z,0)


















)]−1                 (Equation 3.100) 
Here θ is a beam phase shift parameter that is dimensionless and associated to the thermo-optical 
coefficient of the material (dn/dT) and the refraction change due to the temperature fluctuation 
through the following relation: 





                                                      (Equation 3.101) 
Where α is the linear absorption of the material, P is the laser power, L is the material thickness, 
T is the temperature, and λ is the laser wavelength, and κ is the thermal conductivity of the 
material. Assuming that the phase shift is small (θ << 1), the second term in the previous 
expression could be neglected, and the normalized transmittance in the far field can be written as 
independent of time (t) and sample normalized position (x = z/z0) in the following equation 
[102]:  








]−1                                       (Equation 3.102) 
It is important to point out that the time of thermal diffusion depends on the sample 
position as the following [104]:    




 =  tco(1 + x
2)                                            (Equation 3.103) 




                                                            (Equation 3.104) 
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Then, the normalized transmittance is obviously depending on the sample position and could be 
written as:  








]−1                                 (Equation 3.105) 
In more specific case, the steady state could be reached at t >> 𝑡𝑐 times [102], thus  
                                        TN(z, t) =  [1 + θ
2x
1+x2
]−1                                               (Equation 3.106) 
Here the transmittance of Z-scan curve is high at the x = ±1, lead to: 
                                         TN(z, t) =  [1 ± θ]
−1 ≈ 1±θ                                          (Equation 3.107) 
Therefore, the nonlinear phase shift could be simply defined via the transmittance difference 
between valley and peak as: 
                                                     ∆Tpv = 2|θ|                                                       (Equation 3.108) 
 In the z direction, the peak and valley distance separation is defined as: 
                                                | ∆zpv| = 2z0                                                          (Equation 3.109) 
3.4.3. Thermal Properties Due to CW Lasers 
The interaction between EM radiation and a particle results in the thermo-optic 
phenomenon that is one of the de-excitation channels; the thermal process is the main 
mechanism when using cw lasers [105]. This interaction generates a strong deflection of the laser 
beam that is a result of a thermal effect and/or a concentration induced effect. The thermal effect 
is initiated from the gradient of a thermally induced refraction (dn/dT). In solid materials, the 
thermal effect is more common because extreme temperature causes variations on the material 
density, resulting in changes of the refractive index.  
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Gorden and co-workers developed the thermal lens effect after the invention of cw lasers 
a few years before [101]. The thermal lens effect can be explained through the change in the 
sample optical path induced by laser absorption. The thermal heat increases the center 
temperature of the laser beam profile, producing a refraction gradient. To clarify, the heat 
expands most liquids, reducing the refraction (n), and the optical path is getting changed along 
the sample. A negative lens is the result of the thermal-optical effect, which causes the 
divergence in the laser beam. 
Moreover, the refraction change is linearly dependent on the laser intensity. Thus, the 
radial intensity dependent leads to a radial parabolic dependence of the refraction change close 
the axis of the laser beam, expressed as [102]: 




2  ≈  ∆n0(1 −
2r2
aw0
2)                                        (Equation 3.110) 
Here the on-axis refraction change is Δn, the beam radius is w0, the radial distance is r, and a 
higher correction parameter is in the higher order terms of the Taylor expansion. For a thin 
nonlinear material with L thickness, the parabolic calculation results in a thin lens having a focal 
length of f that can be expressed as [101]: 




                                                           (Equation 3.111) 
Clearly, the nonlinearity strength of the refractive index (∆n) increases when the lens 
focal length (f) decreases. If the material nonlinear refraction is negative, the lens focal length 
that causes a self-defocusing is negative. Meanwhile, the focal length is positive if the nonlinear 
refraction is positive, leading to self-focusing. Due to the EM radiation interaction with the 
material, the energy absorption is directly measured using the technique of thermal lens effects, 
where the material optical properties are modified with the produced heat from the nonradiative 
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decay of the excited charges. In the metal nanoparticles case, new effects can be produced by the 
very rapid and localized photo-thermal heating [102].  
3.5. Techniques to Measure Nonlinear Refraction 
There has been a broad selection of applications, including “optical limiting and multi-
photon polymerization optical switching,” that depends on the nonlinear optical properties, 
which is very important to be determined [106]. Measuring nonlinearity of materials is very 
significant due to the developments on various phenomena such as third order susceptibility [24]. 
Several methods have been used to calculate the nonlinear parameters, including the nonlinear 
refraction (n2) and nonlinear absorption (β). Among them, Z-scan has been considered the 
standard method because of its simplicity and sensitivity. Before thoroughly examining the Z-
scan technique, short descriptions of those various methods including, degenerate four-wave 
mixing, optical Kerr effect and ellipse rotation, beam self-bending, third harmonic generation, 
two beam coupling, and Z-scan, are illustrated.  
3.5.1. Degenerate Four-Wave Mixing 
When four waves having identical frequencies interact with each other in nonlinear 
mediums, this phenomenon is called degenerate four-wave mixing [107], [108]. While backward 
and forward geometries are possible with this method, choosing between the two on the setup is 
dependent on the experiment variables. In this method, three waves, coherent, interact in the 
nonlinear medium and then the fourth wave is generated. The conjugate beam intensity in the 
generated wave is simply distinguished and calculated via spatial separation from the other 
waves. However, extracting the real and imaginary values of the third order susceptibility 
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requires utilizing other techniques. The degenerate four-wave mixing method should also be 
controlled over the beams’ angles and the overlap within the material.  
3.5.2. Optical Kerr Effect and Ellipse Rotation 
Optically induced birefringence in nonlinear mediums is the foundation of the two 
phenomena, optical Kerr effect and ellipse rotation [107], [109]. As a consequence, the 
polarization of the propagated waves is affected by nonlinear induced birefringence. The 
functions of these techniques are transmitting known polarized light through nonlinear mediums 
in order to measure the light intensity after passing a final polarizer. In order to characterize the 
sample and calculate the third order susceptibility, using the different methods is necessary. 
3.5.3. Beam Self-Bending 
Based on the phenomenon of nonlinear beam bending, the nonlinear refractive index 
could be measured using beam self-bending, a single-beam technique [109], [110]. One half of 
the laser light is covered using a razor blade, and subsequently the laser beam is focused onto the 
material. Also, the laser beam in the far field is deflected via an angle because of the effects of 
the produced prism from the nonlinear index. Finally, the output laser beam will be parallelized 
and scanned using an aperture to define the final deflection. Even though this method is 
simplified by utilizing a single beam, it results in low accuracy.  
3.5.4. Two Beam Coupling 
A time-resolved phase-sensitive method measures the third order susceptibility through 
utilizing pumped femtosecond laser pulses [111]. The energy loss and induced phase difference 
in the probe beam, caused via the pump beam, are the core of this method. The transmittance 
measurement technique of χ
(3)
 is very precise in order to extract the nonlinear refractive index 
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(n2) and nonlinear absorption coefficient (β). The two beam coupling method is simpler than 
other phase variation methods due to the simplicity of elongated calculation and the experiential 
setup. 
3.5.5. Third Harmonic Generation 
It is desirable to examine the hyperpolarizabilities of the molecule and also to define the 
pure electronic properties [112], [107]. Thus, third harmonic generation was established for 
measuring the pure electronic properties of the χ
(3) 
in centrosymmetric mediums. Just the pure 
nonresonant electrons of the cloud distortion reply rapidly and adequately enough to generate a 
nonlinear polarization that oscillates at the third harmonic frequency of the incident beam. 
However, other mediums could produce the third harmonic, such as the glass windows 
surrounding the liquid materials. The possible contributions of glass windows will make the data 
analysis more complicated [107], [112]. 
3.5.6. Time-Division Interferometry 
The femtosecond interferometry method can define the change of nonlinear index from 
various χ
(3)
 tensor components via measuring unlike permutations of probe and pump 
polarizations [113]. Using this method, the nonlinear refractive index can be calculated. 
However, this method can only be practical for guided-wave devices. 
3.5.7. Z-Scan Technique 
 The Z-scan is known as a sensitive and simple method to measure both the nonlinear 
refractive and absorption coefficients for different kind of nanomaterials. The Z-scan method 
was used in this research as the main experimental tool to study thermal nonlinear properties, and 
detailed discussions of this method are provided in the following section.  
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3.6. The Z-Scan Measurement Technique 
In 1990, a sensitive method was developed by M. Sheik-Bahae and others to characterize 
the material nonlinearities [5], [10], [18], [114]. Basically, the Z-scan method measures the 
transmitted light beam of a nonlinear sample in the far field. The transmittance varies with the 
position of the sample in relation to the focal point of a lens [3], [101]. The principle function of 
the Z-scan method is to use the effects of self-focusing/self-defocusing in the nonlinear 
refractive index, as illustrated in Figure 3.3. The Z-scan has become the standard method to 
measure thermal and optical nonlinearities. 
 
Figure 3.3. Principle function of the Z-scan method. 
To get the highest intensity, a convex lens is utilized for focusing the beam to a fixed 
position, and beyond this position the laser beam generally loses its focus. The optical intensity 
gradually magnifies if the sample is transferred nearer to the focal point. Transverse intensity 
profile helps to characterize the Gaussian beam (TEM00 mode) in any position in the propagation 
of Z-axis [101]. In the Z-scan experiment, the scanning range of the sample depends on the 
thickness of the proposed sample and the parameters of the laser beam. There are two Z-scan 
methods: one with closed aperture and the other one with open aperture. The open aperture Z-
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scan is sensitive to characterize the two-photon absorption coefficient (β), while the closed 
aperture is sensitive to not only the nonlinear refraction (n2) but also to nonlinear absorption (β). 
Thus, n2 of any material could be easily extracted using simple math.  
3.6.1. Open Aperture (Nonlinear Absorption) 
 Linear absorption occurs by exciting an electron with one photon to a higher level, while 
non-linear absorption occurs through exciting an electron with two or more photons, having 
energy equal to the excited level as illustrated in Figure 3.4 [115].  
 
Figure 3.4. Schematic of two-photon absorption. 
The linear absorption is basically dependent on the excitation intensity and the material thickness 
(L) through Beer Lambert’s law, which is the solution of the following differential equation:  
                                                            
∂I
  ∂L
= −α0I                                                         (Equation 3.112) 
In the case of nonlinear effects, higher order terms of the intensity should be included as:  
                                              
∂I
 ∂L
= −α0I − βI
2 − γI3                                                  (Equation 3.113) 
α, β, and γ are the linear, two photon, and three photon absorption coefficients, respectively. 
Two-photon absorption (TPA) is defined as the instantaneous two photon absorption having the 
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same or different frequencies to excite an atom or molecular from one ground energy level to 
another higher excited level. The energy change between those two levels should be the same as 
the energy sum of the two photons. TPA is considered a third-order phenomenon that is weaker 
than linear absorption by several orders of magnitude. In a material with small linear absorption, 
TPA dominates the nonlinear absorption effects. Thus, Equation 3.112 could be modified by 
disregarding the other terms and leaving just the second one as: 
                                                             
∂I
∂L
= −βI2                                                  (Equation 3.114) 
The solution for this equation could be achieved by variable separation [4] leading to: 
                                                             I(z) =  
I0
1+βI0L
                                             (Equation 3.115) 
 It can be clearly concluded that nonlinear absorption (β) depends on the intensity. The β 
strength is dependent on the light intensity square, which makes it differ from linear absorption, 
so that it is a conserved nonlinear phenomenon. TPA measurement functions as a significant 
spectroscopy tool since it specifies information about energy states, which cannot be retrieved by 
one photon transition as:  
                                                            ℏω ≤ Eg ≤ 2ωℏ                                            (Equation 3.116) 
Actually in the open aperture Z-scan method, TPA is dependent on the excited intensity; 
as the Gaussian beam is focused down tighter, the intensity increases and, as a consequence, the 
TPA effect becomes larger. Simply, the nonlinear absorption is increased when the material is 
transferred close to the focus [3]. Again, the open aperture signal is sensitive to two-photon 
absorption, so as the material is located closer and closer to the focus, the transmittance actually 
drops again due to the occurrence of the nonlinear absorption. As the material is far from the 
focal point, the intensity inside the material decreases. Thus, nonlinear absorption is negligible 
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and the transmittance is constant. In addition, it is worth mentioning that the transmittance versus 
the material position is symmetric around the focus.  
The theoretical equation to fit the normalized transmittance of open aperture Z-scan in 
the far field is known by [101]:  








+ 1                                            (Equation 3.117) 
The normalized transmittance ∆T(z) is expressed as the transmittance of the sample at z position 
divided by the sample transmittance far from the focus. Here z is the material position with 
respect to the lens focus, z0 is the Rayleigh length calculated from Equation 3.14 with w0 as the 
focal spot size and λ as the laser wavelength [23], and q0 is the complex parameter, related to the 
nonlinear absorption (β) by:  
                                                               q0 = βI0Leff, (|q0| << 1)                              (Equation 3.118) 
where I0 is the laser intensity at the focus and Leff is the effective thickness of the material. 
3.6.2. Closed Aperture (Nonlinear Refraction) 
An aperture will be located in front of the photodetector to block some of the laser beam 
from reaching it, so the aperture causes only the center region of the light cone to reach the 
detector and cut out the diffraction in the edges of the beam. This helps reduce the signal noise 
ratio. Usually, a small aperture is used in the setup of the Z-scan system to analyze n2. The 
closed aperture is sensitive to measure both β and n2 coefficients, so a minor asymmetry actually 
can be seen, which is a dip indicative of the open aperture Z-scan. As the sample is transferred 
alongside the propagation direction of a focused Gaussian beam, the transmitted light via the 
aperture is recorded versus the material position in the far field utilizing a power meter [107]. 
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Therefore, the material experiences a various light intensity at each position. The phase shift by 
the material nonlinear refraction causes a narrowing or broadening spatial beam in the far field. 
Figure 3.5 illustrates the self-focusing of a Gaussian beam through a nonlinear material.   
 
Figure 3.5. Self-focusing of a Gaussian laser beam using a material with n2 > 0. 
For a material with positive n2, in the normalized transmission spectrum, the result of 
self-focusing nonlinearity (Δn > 0) is a valley shadowed with a peak once the material is 
relocated far away from the lens focus [107]. The normalized transmission is achieved by unity 
where the nonlinearity of the material is insignificant in the far field (z >> z0). Once the material 
is placed before the focus, a positive lensing causes the Gaussian beam to be focused earlier 
closer to the material, which results in increasing the beam divergence that reduces the 
transmitted light through the aperture. In the other case, when the material is positioned after the 
lens focus, the positive lensing reduces the beam divergence that allows more transmission to go 
through the aperture.  
It is useful to consider that reverse behaviors occur in the self-defocusing nonlinear effect 
(Δn < 0). The material with negative n2 will behave as a concave lens and self-defocusing 
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happens. Therefore, it is easy to get the sign and the magnitude of nonlinear refractive index (n2) 
from the trace of the transmittance due to self-focusing and self-defocusing. However, both self-
focusing and defocusing occurs only when the laser beam intensity is amply high. The closed 
aperture setup results in twists in the Z-scan curve symmetric around z = 0. On the other hand, 
the absorption of the material will enrich the valley and shrink the peak in the Z-scan data.  
The optical intensity is high on the Gaussian beam axis, while it is small off the axis. As a 
Gaussian beam with an r radius and a P optical power interacts with a nonlinear material with a 
thickness L and a nonlinear refraction n2, the focal length f of thermal lens is given by [101]: 
                                                 f =
πw4
4n2LP
                                                     (Equation 3.119) 
Thus, the closed aperture Z-scan is sensitive to the on-axis beam phase shift, and the normalized 
transmittance (T) can be expressed as [100]:  











                                    (Equation 3.120) 
For a material with both nonlinear refraction and absorption, their contributions to the 
beam profile in the far field and to Z-scan transmittance are combined. However, estimating the 
contribution of nonlinear absorption to the closed aperture Z-scan data is simple, and the value of 
the phase changes. ∆∅0, is correctly determined by dividing the normalized closed aperture data 
with the open aperture one, thus nonlinear refractive index (n2) is easily retrieved. To 
demonstrate ΔΦ0, which is associated with the transmission changes between the peak and valley 
ΔTpv, and S is the linear transmissions of the aperture with size ra.    
                                      ΔTpv ≃ 0.406 (1 − S)
0.27 |Δϕ0|                                      (Equation 3.121) 
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The linear transmittance (S) of the applied Gaussian beam through an aperture, is typically in the 
range 0.1< S< 0.5 [106], can be specified as:  




2)                                                   (Equation 3.122) 
ra is the aperture size and wa is the beam size in the linear scale at the aperture plane hat is 
defined as:  
                                            wa = w0(1 + d
2/z0
2)2                                                (Equation 3.123) 
The diffraction length of the applied Gaussian beam, with known nonlinear behavior, can 
be directly measured from the distance between peak and valley in the Z-axis, which is a 
beneficial feature of the Z-scan curve. 
                                               |Δzpv| ≃ 1.7 z0                                                        (Equation 3.124) 
It is clearly suggested, from the observed linear dependences of ΔTp-v on the laser powers, that 
thermal stimulated effects have a important influence on the data of the Z-scan measurements.  
 Also, in the case of thermal effects, the nonlinear optical refractive index (n2) is taken 
from the transmittance curve, of the closed aperture Z-scan data, using the expression [101]: 
                                        TN(z, t) =  [1 + θ
2x
1+x2
]−1                                               (Equation 3.125) 
Here x = z/z0 is the normalized position and θ is the nonlinear phase shift. Also, for optical 
nonlinear effects, in the non-negligible case of the linear absorption, the temperature of the 
material will rise creating a thermal lens where the material refraction depends on the 
temperature (dn/dT ≠0). Therefore, this produced thermal lensing has a significant contribution 
to the transmittance signal at the far field beside the nonlinear response of the material [72]. The 
effects of thermal lensing depends on the total heat amount that transfers to the material, and it is 
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approximately increased linearly with the laser power. Also, the thermo-optical coefficient 
(dn/dT) is related to phase change by the relation [116]:  





                                                           (Equation 3.126) 
 The thermal nonlinearity is associated with the dn/dT through the following expression 
[102]:  






                                                       (Equation 3.127)                                                                                   
The nonlinear refraction also depends on the laser intensity through the following equation:  
                                      n2 = ΔΦ0 λ/ 2πI0Leff                                                  (Equation 3.128) 
w0 and κ are the beam waist size and the heat conductivity, respectively. Also, I0 is the laser 
intensity at the focal position (z = 0), n0 is the linear refraction, and λ is the laser wavelength 
[107]. The following equation is used to define the effective thickness of the material (Leff) as: 
                                                Leff =
[1−exp(−αL)]
α
                                                   (Equation 3.129) 
L is the material thickness, and α is the linear absorption. 
 Moreover, the beam phase shift (θ) is associated with the nonlinear refraction of the 
material (n2) using the next expression [117], [104]:  








                                                   (Equation 3.130) 






                                           (Equation 3.131) 
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CHAPTER 4:   EXPERIMENTAL Z-SCAN TECHNIQUE 
Remarkably, the Z-scan method is very simple to analyze the data and easy to set up and 
layout but at the same time is very sensitive to measure third order susceptibility (χ
(3)
). The 
nonlinear refractive and absorption coefficients can be easily extracted via monitoring the 
focused Gaussian beam transmission through the material. Z-scan technique is unique because it 
can be used to characterize different types of materials, solutions, films, non-fluorescent 
materials, and even highly absorbing ones [101]. 
This chapter describes the experimental apparatus of the built Z-scan system that were 
used to investigate the thermal nonlinearities of the beta-barium borate (BBO) crystal, calibrated 
sample, and all research graphene materials. The stability and alignment of the light source, was 
the argon ion (Ar
+
) laser with a continuous wave (cw), were considered. The thermal 
nonlinearity of the BBO crystal was studied to test the accuracy and the effectiveness of the built 
Z-scan system.   
4.1. Z-Scan Experiment Setup 
The experimental setup of the built Z-scan technique is shown in Figure 4.1. To illustrate, 
the experiments were accomplished using a cw Ar
+
 laser with 457 nm and 514 nm wavelengths 
as an excitation source. The output power of the laser beam was controlled using a reducing 
system of two set polarizers or optical density filters (OD). Moreover, the laser transmittance 
versus the sample position was examined using a convex lens of 15 cm focal point. The 
calculated beam waist of the Ar
+ 
laser at the focus (w0 = 31 μm) was determined, and the 
Rayleigh length was measured (z0 = 3.4 mm). The sample thickness was small compared to the 
Rayleigh range (L << z0). A translational stage with a micrometer was utilized by placing the 
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studied samples in a glass substrate or within a quartz cuvette with 1 mm diameter. The 
translation stage had a total range of 5 in. travel with a step size of 0.001 in. resolution. Then, the 
research material was moved relative to the focal point in the z-axis alongside with the laser 
propagation direction.  
 
Figure 4.1. Experimental setup of the Z-scan system. 
Moreover, the detector was located far away from the lens focus; a CCD camera 
(Hamamatsu) was utilized to increase the accuracy and the sensitivity of the Z-scan 
measurements, and LBA-710 PC software For Windows 2000 & XP from 2006 Spiricon, Inc 
was employed to control the CCD camera reading [118]. Finally, the transmitted power of the 
incident laser light through the sample was measured far away from the lens focus using a power 
meter. This detection system consisted of a silicon photodiode detector with neutral filter (OD.3), 
to avoid saturation.     
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The functions of the main components in the experimental Z-scan setup, shown in Figure 
4.2, were considered in order to control their effects on the measurement quality. These 
procedures helped eliminate their contributions to the experiment errors. Thus, the parameters 
that may affect the data analysis of the Z-scan measurements could be explained in the following 
sections.  
 
Figure 4.2. Schematic diagram of the experimental Z-scan measurements. 





 laser was started up by opening the water flow, which helped to cool the 
laser by reducing the heat that was generated by the gain media. Then, the laser was powered by 
turning on the power supply (plug in the electricity source) and by using the remote control to 
choose or change the wavelength and the laser power. If there was no lasing, one would try to 
adjust the alignments of the laser cavity by changing the direction of the two cavity mirrors. This 
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made it possible to see the lasing. A blue laser light was expected to be seen at the chosen 
wavelength, but a purple one was observed due to the spontaneous emission of the Ar
+
 laser 
from the excited level to the ground level. To start the laser alignment, the power supply was 
turned off and then the laser cover was opened to easily align the laser cavity, which is the main 
component of the laser that is around the gain medium and gives the light feedback. In this case, 
a laser pointer of  532 nm wavelength was used to pump the laser, and the two outside mirrors, 
vertical and horizontal, were adjusted to confine and direct the laser light to the gain medium.  
The alignment of the two mirrors helped to see the lasing with highest output power. The beam 
parameters of the Ar
+
 laser are shown in Table 4.1. 
Table 4.1. Illustration of the Ar
+
 laser beam parameters [119].  
4.1.2 Testing the Ar
+
 Laser Beam Quality 
The analysis of the Z-scan theory was centered on the hypothesis that the incident laser 
beam had a Gaussian (TEM00) profile. This assumption made the Z-scan analysis possible since 
the spatial profiles of the intensity and the energy distribution were assumed to be Gaussian. In 
these Z-scan experiments, the light source, Ar
+
 laser, was generally confirmed to be a Gaussian 
beam. Figure 4.3 illustrates that the beam profile of the Ar
+
 laser was a Gaussian function.  
The beam shape was improved by adjusting the laser aperture size and aligning the laser 
mirrors to create a nice profile of a Gaussian beam. Also, some apertures were used in the Z-scan 
setup to clean the Ar
+
















      
 
These apertures helped to exclude the higher spatial frequencies of the laser beam, since those 
might be the ones that lead to the poor quality of the laser beam. 
 
Figure 4.3. Gaussian profile of the Ar
+
 laser beam. 
4.1.3. Measuring the Beam Width of the Ar
+
 Laser  
In the Z-scan setup, the beam diameter of the Ar
+ 
laser at a wavelength of 457 nm was 
measured directly before the lens using a 75 μm pinhole. The pinhole was placed in a micrometer 
and scanned in both x and y directions to cover the whole laser beam spot size, and the moving 
step was 0.002 in. ~ 0.005 cm. A Newport l 840-C hand-held optical power meter [81] was used 
to record the output power through the aperture and plotted as a function of x and y directions. 
The output of the Ar
+ 
laser beam was assumed to be collimated and the curvature radius of the 
input laser beam was equal to the radius of the curved mirror inside the Ar
+ 
laser cavity.  
Experimentally: 
1. Placed a pinhole, an aperture with a fixed open size, in a micrometer at a defined position 
at the beam path, across a plane perpendicular to the propagation axis (z). 
 
88 
      
 
2. Defined the x and y positions of the pinhole by using a micrometer, and measured the 
intensity of the laser that was transmitted through the aperture. 
3. Moved the aperture to different x, y locations, and measured the transmitted intensity in 
the new position and repeated that to cover the entire area of the cross section plane. 
4. Place the pinhole in a new z position in the propagation path and repeated steps 2 and 3. 
5. After the data about x, y, z and the intensity (I) at each position were collected, a 
software, such as Matlab, was used to plot the intensity distribution of the Ar
+
 laser as 
shown in Figure 4.4. 
 
Figure 4.4. Beam profile of the Ar
+ 
laser before the lens. 
6. The general model of a Gaussian function in two dimensions was used to fit the 
experimental data to define the laser beam diameter as: 
P(x,y) = a*exp((-(x-x0)^2/(2*sigmax^2))-((y-y0)^2/(2*sigmay^2)^2)) 
The following values were the fitting parameters. Here a = 2.782 (2.309, 3.255) was the 
height, Sigma x = -0.05797 (-0.06838, -0.04755) and Sigma y = 0.2577 (0.2217, 0.2938) 
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were, respectively, the beam expanding in the x and y directions. Thus, the radius of the 
Ar
+
 laser beam was estimated to be 0.6 mm. 
4.1.4. Testing the Ar
+
 Laser Stability 
Output power is an important parameter in laser systems since it is a quantity of how 
much transferred energy there is in a time unit. The power stability of the Ar
+
 laser was 
investigated for 1 ½ hours directly after the laser had been turned on for five minutes. There was 
a noticeable fluctuation on the laser output power of around 6% between the first value and the 
last one. Figure 4.5 illustrates the output power of the Ar
+
 laser in mW as a function of the 
operation time in minutes.  
 
Figure 4.5. Stability of Ar
+
 laser output power as a time function. 
This high fluctuation on the power reading of the laser was reduced by waiting some time 
and by adjusting the two reflected cavity mirrors to get the highest output power of the laser. 
Then, the output power was measured as a time function. The observed stability of the laser 
 
90 
      
 
power was high since the Ar
+
 laser, used in the Z-scan setup, was a continuous wave. The noise-
to-signal ratio (ΔP/P) was small, only 0.4%. When there was insignificant fluctuations of the 
output power on the Ar
+
 laser reading, means that the laser stabilized, and after that the Z-scan 
measurements were performed. 
4.1.5. Optics Alignment 
As illustrated in Figure 4.6, two mirrors were used to align the Ar
+
 laser beam path, 
optics axis, so it was parallel to the lab table and perpendicular to other optics. After selecting the 
appropriate optics for the Z-scan measurement, including mirrors, lenses, polarizers, translation 
stage, and detectors, the procedure of optics alignments were conducted as described in the 
following steps. 
 
Figure 4.6. Alignment of optics axis in the Z-scan system. 
First, the detector was placed in the far field and two apertures (A1 in the near field and 
A2 in the far field) were used to adjust the laser beam path. The first mirror (M1) was attuned to 
center the laser beam at A1, then the second mirror (M2) was used to center the laser beam at 
A2. The previous step was repeated until the two laser points always aligned with the aperture 
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center, so the laser path was ensured to be the same as the optical axis of the Z-scan system. 
Also, the two mirrors were adjusted to center the laser beam on the detector. Within the 
measured range, the laser beam was ensured to have the same height.  
Then the two polarizers and the lens were inserted, and the distance between the second 
mirror and the lens was maintained since the reflected beam from the lens could propagate back 
within the optical path. It was important to place the focusing lens in the right position to get the 
desired size of the laser beam, and it was necessary to perpendicularly align the laser beam to the 
center of the lens surface. The normal incident of the laser beam was determined through 
observing the reflected light from the focusing lens, and centering that reflection on the mirror. 
To avoid any single noise, all optics were centered on the optical axis. The alignment of the Z-
scan system was very critical for making sure that the laser beam was perpendicular to, and 
centered on, the lens, sample, and the detector since the beam area of the Ar
+
 laser was smaller 
than the active area of the detector.  
4.1.6. Choosing the Right Focal Length of the Lens 
A convex lens was chosen to focus a Gaussian beam of the Ar
+
 laser. If the focal length 
was small, the power intensity at the focus would be high due to the smaller beam width and the 
Rayleigh range (z0) would also be small, which makes it difficult to scan the sample. In the case 
of a lens with a large focal length, the resolution would be high and the z0 would be enough to 
run Z-scan measurements. In addition, the sample thickness played significant roles when the z0 
was small, the change in the intensity while scanning would not be obvious. The chosen z0 
should be reasonable to the thickness of the desired material.  
First, a convex lens with a 15 cm focal length was used to focus the laser beam in the  
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calibrated sample, the BBO crystal, of the Z-scan system. Then a pinhole with a diameter of 15 
μm was scanned around the focus in the z direction to define the Ar
+
 beam waist position and 
Rayleigh range (z0), as illustrated in Figure 4.7. The 15 μm aperture was scanned in the z 
direction to find where the maximum intensity (I0) of the laser dropped to half its value. There 
was a shift on the beam waist position of about 0.025 cm ~ 0.01 in. Thus, the zero in the 
translation stage was not at the center, at the mart of 3.  
Also, the 15 µm pinhole was placed in a translation stage at the z position of the lens 
focus, where the starting point was at 3.02 in. Then the pinhole was scanned in the x and y 
directions to determine the beam profile of the Ar
+ 
laser at the focus. The scanning step was 
0.001 in. (around 0.003 cm). The waist size, w0, of the Ar
+
 laser at the focus was determined 
from Figure 4.8 to be 30.75 µm. (see Appendix C for further details.) 
 
Figure 4.7. Rayleigh range and waist position of the Ar
+
 laser beam. 
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Figure 4.8. Beam profile of the Ar
+
 laser at the lens focus to define the waist size. 
4.1.7. Movement of the Study Sample 
The required scanning range in the Z-scan experiments depended on the laser beam 
diameter and the material thickness. To get the highest intensity of the Ar
+
 laser, a convex lens 
was utilized to tightly focus the beam at a certain point, and after this point the beam naturally 
defocused. The material was typically positioned at the lens focus length, and then it was 
scanned along the z-axis, with a distance of ± 5z0. 
In the experimental Z-scan setup, a micrometer translation stage was utilized to move the 
material around the lens, and the transmitted power in the far field was observed as a function of 
the sample position. To make sure that the studied sample was moved along the optical path of 
the Ar
+
 laser, an aperture with a small hole was placed on the translation stage. Then, the laser 
beam was aimed at the center of the small hole, and the sample was moved along the laser 
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optical path. The optical path of the translation stage was realigned to ensure that the laser light 
emitted from the same point within the scanning range. 
4.1.8. Definition of Thin Materials 
The approximation of linear and nonlinear optical thin materials was adopted by 
assuming that the material was sufficiently thin to disregard both the nonlinear and linear 
refractive index inside the material. This was satisfied as both conditions of L/n0 << z0 and L << 




 is the Rayleigh range, L is the material thickness, n0 is 
the linear refraction, about 1.68 for the BBO crystal, and ∆ϕ is the maximum nonlinearity of the 
phase shift. The BBO sample experienced a maximum intensity of the laser at the focus, and that 
intensity was steadily decreased in position far away from the focus. An attempt was made to 
measure the beam size at the focus (z0), but the beam was too small. Thus, the ABCD matrix was 
used to define the waist size of the laser beam at the focus, based on the measured value of the 
laser beam size before the lens; more detailed calculations are included in Appendix E. The beam 
waist (w0) was around 31 μm, and the z0 was 6.2 mm at 457 nm wavelength. The sample 
effective length was Leff =
1−e−αL
α
= 0.0499 cm ≃ 0.5 mm ≃ L. In this research, L/n0 was 2.99 
x 10
-4 
m, which concluded that the calibrated sample fit the thin sample conditions. 
4.1.9. Choosing the Cuvette Material 
It is important to carefully select the material type of the cuvettes that were used to fill in 
the gold nanorods diluted in deionized water. Thus, quartz with good quality was used for its 
significant properties such as low damage threshold, wide spectral range and high transmission 
as well as no fluorescence, which could affect the Z-scan results. Here are some specifications of 
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the quartz cuvette, standard rectangular spectrophotometer cells, which were used in this 
research to fill the gold nanorods solution. The ordered cuvette had two clear windows that were 
open from the top and were supplied with a non-sealing cover. The window material was quartz 
with useable range from 170 nm to 2700 nm wavelength. Table 4.2 illustrates the physical 
dimensions of the ordered quartz cuvettes. 
Table 4.2. Physical dimensions of quartz cuvettes. 
4.1.10. Distance Between the Sample and the Detector 
In the Z-scan measurements, a CCD camera or a power meter was used to measure the 
laser transmitted beam through the sample in the far field. Thus, the location of the detector 
should be as far as possible from the focal point. The distance between the sample and the 
detector (d) had to be much greater than the Rayleigh range, where d >> z0/n0 [100]. In the built 
Z-scan system, this condition was satisfied with z0 = 0.62 cm, n0 (BBO) = 1.6833, and d = 37 cm 
>> 0.4 cm. 
4.1.11. Optimal Aperture Size  
An aperture is an optical tool that is used to regulate the light amount, which passes an 
opening. The aperture causes only the central region of light to reach the detector and prevents 
some of the light from reaching the detector. The limitation of picking the aperture size is mainly 
the sensitivity of the power meter, which determines how much power goes through the aperture. 
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that the larger pinhole size makes the transmitted laser beam spread. Thus, what matters is the 
volume of the power meter head that should be large enough to cover the whole beam going 
through the aperture. The detector should be sensitive enough for any focusing and defocusing 
that the sample may include. To reduce the threat of a transmitted or reflected incident laser 
beam reaching the detector, it is commonly located at 90
o
 to the incident laser beam.  
Typically, the S value of the linear transmittance is used to choose the optimal size of the 
aperture in the Z-scan system [101], where the S value was obtained using Equation 3.118. The S 
definition expresses the light intensity if the aperture radius (ra) is divided by the intensity 
through the aperture. The S value should ideally be in the range of 0 < S < 0.2. In this study, ra 
was around 500 µm, and wawas around 3 mm, based on the beam profile from the CCD image 
and the ABCD matrix, Equation 3.119. This value agreed with the value from the laser beam 
profile at the CCD camera plane. Thus the S value − the linear transmittance (without the 
sample) through the aperture − was 0.045, which was considerably smaller than 0.2. In the 
closed aperture Z-scan, a CCD camera or a photo detector was used to compute the laser 
transmitted beam through an aperture that was placed in front of the detector, as illustrated in 
Figure 4.1. 
4.1.12. Error Bars 
Many times, the important quantity in an experiment is not essentially measured, but 
results from a set of measured quantities. The error bars are a graphical way to illustrate the 
experimental uncertainty in a measurement. Estimating the error at each point is the first step in 




      
 
It was significant to quantify the experimental uncertainty when starting to establish the 
validity of the Z-scan results. The uncertainty of any measurement is a core part of any 
experimental work since it is an excellent way to test the truth of the results. A simple method 
was to run a Z-scan measurement and estimate the uncertainty by taking n measurements. 
Building a normal distribution for the BBO reading at one z position was important to pick the 
mean to be the number of the Z-scan runs. Four runs was sufficient repetition to perform the 
average of the Z-scan measurement, but more runs would be better.  
Calculate the Standard Deviation 
1. Finding the mean ?̅?, which is the average of all samples by adding each sample reading 
(𝑥𝑖) then dividing by the sample size (n).  
2. Finding the variance, which is the average of the squared differences from the mean as in 
the following expression: 




                                                          (Equation 4.1) 
3. Consequently, the standard deviation is the square root of the variance, which is 
expressed as: 






2                                                   (Equation 4.2) 
4.2. Calibrating Z-Scan Using the BBO Crystal  
Combining the variety of nanostructures and the ability to control the thermal-optical 
behaviors not only increases, but also opens the doors for, new application areas including 
biomolecular and chemical sensing, cooling systems, photo-thermal therapy, and photonics 
devices [120]. The third order nonlinear refraction of the material could be very high due to the 
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change of the temperature around and within nanoparticles. Single beta-barium borate (β-BaB2O4 
or BBO) crystal is one of the best and most extensively used candidates in nonlinear optical 
applications including, optical parametric oscillation (OPO) of pulse lasers with high powers, 
second harmonic generation (SHG), and electro-optic devices [82], [120], [121].  
The BBO crystal presents remarkable linear optical properties, including a very large 
optical activity, great thermal optical nonlinearity, and small linear absorption in both visible and 
NIR regions [120]. The BBO crystal has promised to be an excellent candidate to calibrate the 
built Z-scan system and extract the thermal nonlinearities. BBO has remarkably high thermal and 
optical properties, including great efficiency of nonlinearity, broad range of transmittance 
ranging from190 nm to 3500 nm, low susceptibility to moisture, wide range of phase-match from 
409.6 nm to 3500 nm, and high damage threshold [120].  
4.2.1. Refractive Index and Dispersion 
 Refraction and reflection happen at the boundary surfaces as light goes through non-
absorbing homogeneous mediums [121]. The refractive coefficient (n) is well expressed as the 
ratio of the light velocity in vacuum (c) to the light velocity in the medium (ν), as n = c/ν. In the 
glass case, the data of refractive index is calculated compared to the air refraction. The value of 
the air refractive index is precisely one. Basically, the refractive index is a quantity to measure 
the deflection strength that occurs at the material boundary surfaces because of the light 
refraction [122]. The deflection amount can be described using Snell’s law as in the following 
equation:      
                                         n1. sin(θ1) = n2. sin (θ2)                                                  (Equation 4.3) 
Respectively, θ1 and θ2 are the reflection angle measured from the boundary normal for the first 
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and second medium, and n1and n2 are the linear refractive index of the two mediums. 
1. Sellmeier Dispersion Equation 
The refractive index is a wavelength function [122]. The dispersion is a quantity of the 
refractive index change with wavelengths. As applying electromagnetic wave on the material 
molecular structure, the bound charges vibrate at the incident wave frequency. Thus, at a certain 
wavelength, the bond charges have resonance frequency [122]. The Sellmeier equation is 
particularly appropriate to describe the effect of wavelength on the refractive index that is 
ranging from UV through Vis to NIR region (to 2.3 µm) [122].  
Sellmeier coefficients were utilized to calculate the refraction as a wavelength function in 
the normal transmission regime of optical mediums [123]. Sellmeier equation was used to study 
the wavelength effects on the refractive index as illustrated in Equation 4.4: 






)                             (Equation 4.4) 
The coefficients determination was performed for all glass types on the precision measurements 
basis through fitting the measurement values to the dispersion equation [122]. Here λ is the 
wavelength in micrometers, and Table 4.3 shows that A, B, C, D, and E are constant values for 
BBO.  
Table 4.3. Sellmeier coefficient of BBO crystal [124]. 
Polarization A B Cx10
2 
D E Range (µm) Absorption 
bandgap (eV) 
no(BBO) 1.70183 1.03575 1.80034 1.24799 91 
0.2−2 
        9.24 
ne (BBO) 1.59204 0.78168 1.60678 0.84038 91     9.78 [123] 
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Figure 4.9 illustrates the linear refraction of the BBO crystal as a function of the light 
wavelength, based on the Sellmeier equation. The BBO results were least squares fit to the 
Sellmeier equation; at 457 nm wavelength, the linear refractive index of BBO crystal was 
determined to be 1.6833. 
 
Figure 4.9. BBO refraction as a wavelength function. 
2. Refractive Index as Temperature Function 
 The refraction change as a function of temperature is very significant in optical 
applications [122]. The thermal refractive index coefficient has expected vast practical 
significance with the laser advent due to the effect of thermal lens, which arises as a laser beam 
goes through a material of predictable absorption. The result of the temperature rising is to focus 
the laser beam if the refractive index increases as the temperature increases (dn/dT > 0).  
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Commonly in solid dielectrics, the thermal coefficient of the refractive index is assumed 
to be directly dependent on the temperature that causes changes in density (ρ), but not on 
temperature itself as follows [122]: 
                                             
dn














)                                             (Equation 4.5) 
Besides the wavelength, the material refraction is also temperature dependent. The 
temperature coefficient of the refractive index is known as the refraction change due to the 
temperature change, and this value can be either positive or negative [122]. For a 0.10133 x 10
6 
Pa air pressure, the coefficient is called relative ∆nrel/∆T, and the temperature coefficient of the 
refractive index is known as absolute dnabs/dT for vacuum. The following expression is used to 
calculate the temperature coefficients of absolute refractive index for different wavelengths and 
temperatures:  










2 )              (Equation 4.6) 
Here λ is the wavelength of an electromagnetic wave, the reference temperature is To at 20 
o
C, T 
is the temperature in 
o
C, ΔT is the difference between T and To, and the rest of the constants 
Do, D1, D2, Eo, E1, and λTK
2  are dependent on the material [122]. This equation is valid for 
wavelengths between 643.8 nm and 435.8 nm and for temperature ranges from -40 to +80 
o
C. 
Specifically, a prism spectrometer was used to study the change of BBO refraction as a 
function of temperature and wavelength [125]. The dispersion of temperature and wavelength 
was defined at ambient (20 
o
C). Therefore, the thermo-optic coefficients, at the wavelength 
average value of λ = 457 nm, are given as follows: dno/dT = -9.3 x 10
-6
/K and dne/dT =                
-16.6 x 10
-6
/K [125]. Moreover, the thermo-optical nonlinear properties of a material play  
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an important role in utilizing continuous wave (cw) lasers to generate thermal lensing effects.  
4.2.2. Properties of Beta-BBO Single Crystal 
One of the most significant factors that affects the flow of liquids is the thermal 
diffusivity because it simply controls the temperature change rates [120].The thermal diffusivity 
(D) can be written as a function of thermal conductivity (κ), density (𝜌), and specific heat (CP) as 
follows:  
                                           D = κ/ρCp                                                           (Equation 4.7) 
Table 4.4 presents some optical and thermal parameters of BBO crystal, including linear 
refractive index (no), linear absorption coefficient (αo), and heat conductivity (κ) [124].  
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4.3. Results and Discussion  
4.3.1. Linear Optical Characterization 
 A UV-Vis-NIR absorption spectroscopy was utilized to linearly characterize a 0.5 mm 
thick BBO crystal in the spectral range between 300 nm and 1100 nm. These measurements were 
performed at room temperature. Figure 4.10 shows the BBO transmission measurement under 
exposure to low power white light at a wide range of wavelengths. The transmittance spectra 
expresses as:   
                                                           T =
Eout
Ein
                                                (Equation 4.8) 
Eout is the light energy as the sample is placed inside the system, and Ein is the light energy 
without the sample. As illustrated, the transmittance spectrum of BBO crystal, as a function of 
light wavelength, reveals an approximate transparency of about 89.1% in the visible range of 
wavelength.  
 
Figure 4.10. Transmittance spectrum of BBO crystal. 
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Reflectance Spectrum 
At a normal incident angle, the reflectance from the first surface of the BBO crystal was 
calculated using the following expression: 
                                        R21 = (
n2−n1
n2+n1
)2                                                       (Equation 4.9) 
where n1, n2 are the linear refractive index for the two mediums; here n1 = 1 for the air, and n2 = 
1.6833 for BBO at 457 nm wavelength. From Figure 4.9, the BBO refractive index is equal to 
1.68 at 457 nm wavelength [126]. Thus, R = 0.0477 from one surface, and the total reflection of 
BBO crystal is 0.09102. 
Experimentally, the incident light beam was not normal to the BBO sample; there were 5
o
 
incident angles due to artifacts in the Shimadzu system. Thus, parallel and perpendicular 
reflectance (Rp and Rs) were measured by using a polarizer inside the system. The reflectivity 
measurement of the BBO crystal was taken at two different angles (S– θ = 90
o
, P– θ = 0
o
) to get 
unpolarized reflectivity spectrum by averaging the two results as in the following expression:  
                              Runpolarized =
RS+RP
2
                                                       (Equation 4.10) 
with  


















                  (Equation 4.10 a) 
and 


















                 (Equation 4.10 b) 
 
105 
      
 
 Theoretical calculation of the BBO reflectivity as a function of the incident angle is 
clarified in Figure 4.11. 
 
Figure 4.11. BBO calculated reflectance as an incident angle function. 
At a wavelength of 457 nm with 5
o
 incident angle, the linear reflection of the BBO 
crystal were found to be Rs = 0.065441 and Rp = 0.064264. The Shimadzu system was used to 
measure the BBO reflection. The reflection of the BBO sample was measured taking the ratio of 
the reflected energy of the light to the input energy as:  
                                                   R = ER/E0                                                   (Equation 4.11) 
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The reflection of the BBO sample at 457 nm wavelength was around 7%, as illustrated in 
Figure 4.12. The reflectivity was a little smaller than the calculated value because the sample 
mount on the holder was higher than the surface of the sample holder inside.  
 
Figure 4.12. BBO reflection as a function of light wavelength; inset is the Rs and Rp. 
Absorbance Spectrum 
The linear absorption spectrum of BBO crystal in the visible region is presented in Figure 
4.13. The absorbance spectrum was plotted as a function of light wavelengths. The BBO 
absorption is usually determined by measuring the transmission and reflection. The total BBO 
transmission (T) was 0.9085, and the absorbance (A) was 0.05% from the curve and the 
calculated one was equal to 0.00048 (~ 0.048%), from: 
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                                         A = 1- (T+ R)                                                       (Equation 4.12) 
This makes the calculated value and the experimental one in excellent agreement.  
 
Figure 4.13. UV-Vis absorbance spectrum of BBO crystal. 
             As can be seen in Figure 4.13, the absorption of the BBO sample was recorded to be 
around 0.05% at a wavelength of 457 nm. Thus, the linear absorption of coefficient (α0) of BBO 
crystal (with a 0.5 mm thickness), was estimated using Beer’s law, taking into account the 
reflection of the front and back surface of the BBO sample, to be 9.1%. So, α0 was found to be 
less than 0.1%.  
4.3.2. Nonlinear Characterization 
Z-scan is a sensitive and simple method to evaluate the nonlinear refractive index and 
absorbance coefficients for different kinds of nanomaterials. The basic principle of the Z-scan 
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method is measuring the light transmitted through a nonlinear material in the far field. The 
transmittance changes with the sample position in respect to the focal point [3]. The unity of the 
normalized transmission is achieved where the nonlinearity of the material is insignificant, and 
at a position far away from the focus (z >> z0). 
The study of nonlinear optical properties of the BBO crystal was carried out through 
using the Z-scan measurements, as illustrated in Figure 4.2. A cw Ar
+
 laser was operated at a 
wavelength of 457 nm at various input powers. A cube beam splitter and an attenuator − OD 
filters − were needed to control the laser beam power. In addition, a convex lens of 15 cm focal 
length was utilized to focus the laser beam onto the BBO crystal (0.5 mm thick). In the focal 
region, the spot size of the focused Ar
+
 laser beam was 31 µm. In the case of using closed 
aperture Z-Scan measurement, a 500 µm aperture was placed in front of the detector. The BBO 
crystal was moved using a translation stage along the propagation direction of the focused laser 
beam.  
The experimental error bars were determined through the standard deviation of making 
many runs for one position of the BBO crystal. The fluctuation of the reading was due to the 
laser instability or the power meter sensitivity. Also, the direction of moving the BBO sample 
was introducing another kind of error in the Z-scan measurements. The variations of the 
measured data were reduced by figuring out which one of these factors introduced more impact 
on the measurements of Z-scan and then trying to control that factor. 
Open Aperture Z-Scan for BBO 
After testing the stability of the Z-scan system, including the detector and the Ar
+
 laser, 
the measurements were performed on the BBO crystal. Initial experiments were performed at 
457 nm wavelength using the cw Ar
+
 laser at various output powers. The open aperture Z-scan 
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experiments were run at low input powers and then increased until reaching the nonlinear 
behavior on the BBO crystal at around 30 mW and higher. The BBO sample experienced 
maximum intensity at the focus, and that intensity was steadily decreased in position far from the 
focus. Up to the applied power of 30 mW, there was not any observed nonlinear absorption in 
the calibrated sample, as can be seen in Figure 4.14.  
 
Figure 4.14.  Illustrations of open and closed aperture Z-scan measurements for the BBO crystal 
at low input laser power (2 mW and 10 mW). 
Figure 4.15 illustrates the experimental open aperture Z-scan data of the BBO crystal at 
different input laser power, (Pin = 30, 40, 50, 70, 80 and 90 mW, from the bottom to top), which 
agrees with the theoretical model. The results show that as the laser input power increased more 
absorption occurred inside the material, resulting in large dipping. All open aperture Z-scan data 
was fitted with a solid curve based on theoretical model, Equation 3.117, to find the value of the 
complex parameter, then the nonlinear absorption coefficient for BBO.  
P = 2 mW P = 10 mW 
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Figure 4.15. Open aperture Z-scan curves of the BBO crystal [normalized transmittance versus 
the sample position (z)] at 457 nm wavelength with various input power.  
For example, Figure 4.16 shows the open aperture Z-scan experiential data of the BBO crystal at 
an input power of 90 mW with the theoretical fitting curve, and the laser intensity at the focus 
was estimated as: 
 
                                          I0 =
2P
πw0
2 =  6.5 x 10
3 W/cm2                                        (Equation 4.13) 
The q0 value was 0.03571 from the fitting curve, leading to: 





0.0499 cm × 6.5 × 
103W
cm2
= 1.101 ×  10−4 cm/W                    (Equation 4.14) 
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Equation 3.118 illustrates the relation between q0 and β as q0 = βI0Leff, so the slope of the curve 
of q0 verses I0 is βI0. The linear absorption coefficient (α0) for BBO was 0.001 cm
-1
 with a 31 μm 
spot size of the Ar
+





Figure 4.16. Open aperture Z-scan measurement for BBO at P = 90 mW. 
The complex parameter from the fitting curve of open Z-scan data (q0) was linearly 
increased with the laser incident intensity, and had a linear behavior, which agreed with the 
theoretical model. As illustrated in Figure 4.17, the fitting complex parameter of the BBO crystal 
changed linearly with the laser input intensity, while βI0 was nonlinearly changed. On the other 
hand, the calculated value of the nonlinear absorption coefficient (β) for the BBO crystal, 
knowing the slope value in the curve relation and the sample thickness, was determined to be 
10.4 x 10
-5
 cm/W. Also, Figure 4.18 illustrates that nonlinear absorption coefficient was almost 
constant as I0 changed. 
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Figure 4.17. Complex parameter (q0) as a function of laser intensity (I0). 
 
Figure 4.18. Nonlinear absorption coefficient (β) as a function of laser intensity (I0). 
 Slope = L
eff
β  
 β = 10.421E-5 cm/W 
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The nonlinear absorption should be determined first since the closed aperture Z-scan data 
is sensitive to not only the nonlinear refraction but also to the nonlinear absorption. From the 
open aperture Z-scan measurements, the nonlinear absorption coefficient could be extracted. 
Then, from dividing the data of the closed by the open aperture data of Z-scan measurements, the 
nonlinear refractive index (n2) could be determined.  
Experimental Results of Closed Aperture Z-Scan for BBO 
 Employing the Z-scan method, the BBO properties of the thermal nonlinear refraction 
were considered at various applied laser input power, 10, 20, 30, 40, 50, 70, 80, and 90 mW, as 
clarified in Figure 4.19. The Z-scan results of the BBO crystal did not perform any nonlinear 
signal for applied laser power lower than 10 mW.  
 
Figure 4.19. BBO closed aperture Z-scan measurements at different input laser power. 
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 Before getting Figure 4.19, the magnitude of the peak signal was smaller compared to the 
valley signal, suggesting the absorption dominance. The closed aperture curve of BBO showed 
the valley followed by a peak, which suggested a self-focusing behavior a positive sign of the 
nonlinear refraction. When the material was placed before the focus, a positive lensing caused 
the Gaussian beam to be focused earlier, closer to the material. This resulted in increasing the 
laser beam divergence, which reduced the transmitted light passing the aperture. In the other 
situation, as the material was placed after the lens focus, the positive lensing reduced the beam 
divergence, allowing more transmission through the aperture. In addition, as the laser output 
power increased, there was a thermal contribution to the BBO data.  
The experimental closed aperture results of the BBO sample closely agreed with the thin 
thermal lens, comparing to the other models. The values of thermo-optic coefficient and then the 
nonlinear refractive index of BBO crystal could be easily extracted using the thermal lens 
effects, Equation 3.125, and the Sheik-Bahae model, Equation 3.120 [3]. The experimental data 
for the closed aperture Z-scan could not be described with the Sheik-Bahae model, which is only 
a pure Kerr effect [3]. A critical feature of this model of the transmittance study is the theory that 
the radiation light is locally interacting with the material. In this model, the susceptibility is 
presumed to be only a light intensity function, but using a focused cw laser, the BBO material 
absorbed the laser light and then instantaneously the local heating is raised as well as the heat 
diffusion process in the material. Inside BBO material, the heat diffusion plays a significant role 
and consequently leads to the generation of a distribution of the material spatial temperature.  
Figure 4.20 illustrates the BBO experimental data of the closed aperture Z-scan 
measurement, which was fitted using the two models, Equation 3.120 and Equation 3.125, to 
find dn/dT and n2. For example, the output power of the Ar
+
 laser at 50 mW and 457 nm 
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wavelength was used to investigate the nonlinearity of the BBO crystal. The calculated beam 




. From the fitting curve, the BBO 
experimental data resulted in a 33.41 μm spot size and in a value of 0.04 for the nonlinear phase 




C and Δn = 0.0624 x 10
-4 
as illustrated 
in Figure 4.21.  
 
Figure 4.20. Closed aperture Z-scan experimental data for the BBO crystal at P = 50 mW; with 
theoretical fitting curves.  
Thus, the refraction altered with the temperature because of the material absorption. The 
refractive index profile was a Gaussian function where the highest intensity occurred at the 
center, and the intensity n (I) possibly also made the beam focus earlier inside the material. The 
nonlinear absorption coefficient of the BBO crystal should stay the same while varying the laser 
input powers. More input power means a high temperature in the center of Gaussian beam, 
which leads to focus the beam earlier. The practical asymmetric behavior of the Z-scan 
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measurements, besides the fact that the laser was a cw light, implies that the source of the 
nonlinear refraction was due to thermal effects.  
Figures 4.21 depicts the thermo-optic coefficients for the BBO crystal at various applied 
input laser powers. The values of dn/dT were obtained from extracting the fitted values of the 
phase shift form the experimental curves of the closed aperture Z-scan measurements for all laser 
powers by using Equation 3.126. Here the change of refraction by the temperature change 




C, which is 
comparable to the theoretical value (dn/dT) for the BBO crystal.  
 
Figure 4.21. Changes of thermo-optic coefficient for BBO versus laser input power. 
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After that, the changes of the refractive index for BBO crystal versus the input laser 
intensities are illustrated in Figure 4.22. The BBO thermal nonlinear refraction could be revealed 
easily from the closed aperture data. The thermo-lensing model excellently explained the Z-scan 
behavior of the BBO sample. The nonlinear curve fitting of Figure 4.22, using a second order 
polynomial equation, had allowed pulling out the nonlinear refractive.  
The experimental values of n2 and β were, respectively, large compared to that of the 




/W and 0.9 cm/GW, due to only a pure Kerr lens and no thermal 
effects [127]. From the published data of the BBO thermo-optical coefficient, the percentage 
error was too small 0.75, which confirmed the calibration process of the experiment. 
 
Figure 4.22. Refraction changes for the BBO crystal as function of laser intensity. 
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This made sense even though the nonlinear absorption was staying constant. However, 
the change in refractive index of BBO crystal was not linear, which meant it was not due to 
thermal effects adding more energy. The ∆n would have had a linear curve with I0 if it were just 
due to absorption. The nonlinear refractive index (n2
`
) is associated to T
2
 that is the parameter 
related to I
2
 and from the nonlinear fitting curve for the data in Figure 4.22, the n1
`
 value was 




/W and the n2
`







In fact, the thermal effect caused the observed positive change of BBO refractive index. 
Because of using a continuous wave laser, it was too hard to distinguish the nonlinearity due to 
the material intrinsic properties from that nonlinearity related to the material thermal expansion. 
The change of BBO refraction because of raising temperature could be written as: 
α(I) =  α0 + α1I + α2I
2 
                                            n(T) = n0 + n1T + n2T
2                                 (Equation 4.13) 
                                            n(T) = n0 +
dn
dT
∆T                                           (Equation 4.14) 
so,                                                 ∆n =
dn
dT
∆T = n1` I + n2` I
2                                (Equation 4.15)              
Here dn/dT is known as the thermo-optical coefficient of the material, which is due to a density 
change with temperature. Generally, the expansion contribution to dn/dT is positive since the 
density increases during expansion, and the material refractive index is directly propositional to 
density change. This was the main reason behind getting a positive nonlinear refractive index of 






      
 
CHAPTER 5:   GRAPHENE NONLINEARITY 
5.1. Material and Structural Characterization 
The research samples were a collaboration work with Dr. Biris’ group at the University 
of Arkansas in Little Rock. The samples under investigation were nonfunctionlaized graphene 
(NFG), nonfunctionlaized graphene with gold nanorods (AuNFG), functionalized graphene (FG), 
and functionalized graphene with gold nanorods (AuFG). Figure 5.1 shows the NFG thin film 
sample in the received box. All of the graphene-containing samples were thin films deposited on 
glass substrates, and as comparison gold nanorods (AuNRs) were studied alone diluted in a 
deionized water solution, demonstrated in Figure 5.2.  
 
Figure 5.1. Nonfunctionalized graphene (NFG) thin film deposited on a glass substrate. 
To summarize the preparation of these graphene films; first, single layer graphene flakes 
were purchased by Dr. Biris’ group. AuNRs with a 12 nm diameter and 36 nm width were 
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chosen so their plasmonic resonance peaks matched with the Ar
+ 
wavelength at 514 nm. The 
AuNR synthesis was discussed in Chapter 2. Then, to embed AuNRs in the graphene, both were 
dispersed in a common solvent and filtered through a membrane. Finally, the graphene thin film 
was placed on a glass substrate by dissolving the membrane and washing the graphene film. 
                 
Figure 5.2. Gold nanorods (AuNRs) sample in deionized water. 
The unique physical morphology and structure properties of those graphene samples were 
investigated using different experimental optical and analytical techniques, including, Raman 
spectroscopy, and atomic force microscopy (AFM), and UV-Vis absorption spectroscopy. These 
techniques were utilized as significant techniques to characterize the morphology of graphene 
materials before and after reduction and with and without adding gold nanorods. Also, UV-Vis 
absorption spectra for gold nanorods were verified using a spectrophotometer, where the sample 
was in a 1 mm optical path quartz cuvette. In addition, scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) were performed to determine the size, shape, and the 
concentration of gold nanorods in graphene films.  
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5.1.1. Raman Spectroscopy 
Among material characterization techniques, Raman spectroscopy is considered one of 
the most effective and sensitive techniques to investigate both the structural and electronic 
properties of graphene materials [12]. To be specific, Raman spectroscopy is a vibrational 
method that is highly sensitive both to chemical bonding and to geometric structure [32]. It has 
been observed that a molecular Raman spectrum significantly differentiates even a small change 
in geometric structure. This geometric structural sensitivity is tremendously useful for the 
examination of the various carbon nanomaterials, including carbon nanotubes, carbon 
nanoribbons, diamond, and fullerenes, as well as differences in the carbon atomic positions and 
bonding [34]. One can precisely define the number of graphene sheets for five or less by 
analyzing Raman spectra.  
The structural and electronic properties of NFG, FG, AuNFG, and AuFG films were 
analyzed using Raman spectroscopy since it is a great nondestructive tool to investigate carbon 
nanomaterials and to distinguish disordered and ordered carbon structures [63]. The main 
noticeable peaks in the graphene Raman spectrum are the G and D bands, relating to both the 
double degenerate in plane transverse and also longitudinal optical phonon modes (iTO & LO) 
respectively [64]. The G peak relates to the radiation of the sp
2
 bond of carbon atoms, and the G 
band intensity is directly proportional to the number of graphene layers. The D peak corresponds 
to a defect-induced feature, absent in the defect-free materials. If the Raman spectrum of 
graphene has a D band, this refers to the defect in Raman signals, which makes the intensity of 
the G band higher [64]. The increased ID/IG intensity ratio also indicates an enhancement in the 
disorder by introducing gold nanorods. Table 5.1 includes the width, position, and the intensity 
of both D and G bands for all investigated graphene samples. 
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Table 5.1. Raman data for all studied graphene samples. 
As illustrated in Figure 5.3, all graphene thin film samples were characterized using 
Raman spectroscopy measured at room temperature in a backscattering geometry using a helium 
neon (HeNe) laser for excitation. This HeNe laser had a wavelength of 633 nm (1.65 eV), an 
intensity of 6 mW, and a spot size of ~10 µm. All spectra were obtained using a 10 s integration 
time on a CCD detector. These measurements indeed confirmed the presence of graphene in the 
film. The Raman spectra of all graphene samples were obtained over the spectral range from 500 
to 3000 cm
-1
. The spectral resolution was around 1 cm
-1
, and the spatial resolution was equal to 
or less than 10 μm.  
To ensure the repeatability, uniformity, and credibility of Raman results, several spectra 
of the nonfunctionlaized graphene (NFG) film sample were completed at the same position as 
well as at different locations. The typical features of the NFG Raman spectrum were a D band at 
1332 cm
-1
 and a G band at 1597 cm
-1
, as shown in Figure 5.3. To clarify, Table 5.1 illustrates the 
doping effects of gold nanorods on nonfunctionlaized and functionalized graphene films. 
Lorentzian peak fitting was used to analyze the integrated intensity and the position of the D and 
G bands of all the graphene films. After the deposition of 12 nm x 36 nm AuNRs, the G peak of 
NFG film shifts to the lower frequency. Meanwhile, the full width at half maximum (FWHM) of 
G and D bands for NFG film became significantly greater after the deposition of AuNRs. 


















NFG 1332.42 ± 0.664 95.15 ± 1.88 1597.21 ± 0.595 61.42 ± 2.24 1.141 ± 0.002 
FG 1335.79 ± 0.419 100.18 ± 1.245 1595.00 ± 0.486 57.22 ± 4.53 1.021 ± 0.0032 
Au-NFG 1333.74 ± 0.361 105.29 ± 2.16 1591.08 ± 1.415 76.29 ± 6.774 1.214  ± 0.003 
Au-FG 1335.95 ± 0.437 116.37 ± 2.706 1591.22 ± 1.093 71.92 ± 2.37 1.069  ± 0.0025 
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Figure 5.3. Raman spectroscopy analysis of NFG, FG, AuNFG, and AuFG. 
In the equivalent Raman spectrum of the AuNFG film compared to NFG, the width of G 
band was increased due to the enhancements of the isolated double bonds [130]. The width of the 
D bands was also increased due to the increased disorder of the AuNFG sample. The disorder in 
the AuNFG was greater than the disorder in the NFG. In addition, the G band of the AuNFG film 
at 1591 cm
-1
 was downshifted by 6 cm
-1
 with respect to that of NFG at 1597 cm
-1
 proving that 
the presence of gold nanorods was the cause of the G band shift.  
Observation from Table 5.1shows that the Raman G band for AuNFG film was blue 
shifted compared to that for NFG film. This blueshift in Raman band was likely due to present of 
gold nanorods. In graphene materials, the ID/IG intensity ratio can be used as an indication of the 
density of defects. The intensity ratio of the D and G bands (ID/IG) rose from 1.141 (NFG) to 
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1.214 (AuNFG) and from 1.021 (FG) to 1.069 (AuFG), indicating that the sp
2
 domain size 
decreased as the graphene layer was broken into fragments by incorporation of the AuNRs [63].  
 In conclusion, Raman spectroscopy has become a powerful, noninvasive tool to 
distinguish not only graphene but also related materials, such as graphene oxide and composite 
carbon materials with metal [63]. In this research, Raman spectroscopy was used as an initial 
tool to determine that the received sample were graphene thin film samples. There was a small 
variation in the positions of G and D peaks from all Raman spectra of all graphene samples. In 
this current case, Raman spectra indicated randomly arranged and many disordered layered 
graphene materials. This made it difficult to have a conclusion about the thickness of the 
graphene thin film samples studied since Raman spectroscopy is an effective tool to determine 
the number of only a few layers of graphene materials. 
5.1.2 Atomic Force Microscopy (AFM) 
Typically, atomic force microscopy (AFM) is employed to determine the thickness of 
monolayer graphene and few layer graphene flakes, achieved via mechanical exfoliation [130]. 
In nanoscience research, AFM is not only an easy but also a very effective technique to 
determine the material thickness at the nanoscale. Principally, the AFM mode, either through 
contact or by tapping, makes it an easy and quick method to define the thickness of graphene 
materials. It is significant to deeply investigate and control the height anomalies, which affect the 
evaluation of the sample thickness since AFM is considered a standard method that is widely 
used in nanoscience research, particularly in graphene [132]. 
The height and roughness of all graphene thin film samples on glass substrates were 
defined by AFM imaging and profiling, from Bruker Nanoscope Dimension 3100, at ambient 
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conditions [69]. The silicon probe was used at 325 kHz of resonance frequency and 40 N/m of 
spring constant as well as 8 nm of tip radius. All AFM images were acquired in tapping mode at 
a low scanning rate of a 0.25 Hz using a scanning size of 30 µm. Nanoscope software was used 
to control the atomic force microscope and to process the data of the obtained images. 
1. Nonfunctionlaized Graphene (NFG) Sample 
First, the AFM technique was implemented to distinguish the NFG thickness as shown in 
Figure 5.4. This AFM was measured in an area of 30 x 30 μm
2
. By zoom-in, view of the film and 
the height variation was indicated via the color scale [131]. The tightly crowded graphene flakes 
could be observed in topographic images. In the tapping regime, AFM measurements frequently 
provide erroneous results, and that artifact is accountable for the increase of the graphene 
thickness by around 1 nm. 
 
Figure 5.4. Typical AFM image and the cross section of NFG film on a glass substrate, averaged 
over the rectangle shown on the AFM image. 
The average thickness of the NFG sample was defined by calculating the step height 
between the glass substrate and the film. The blue curve is the average of all the cross sections 
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taken perpendicular to the step edge within the white dotted box on the NFG AFM image. The 
average step height was taken as the difference between the average substrate height and the 
average film height. In the curve on the right, the two dotted black lines defined the region over 
which the average substrate height was determined by taking the arithmetic mean on the blue 
curve value between the two dotted black lines. Similarly, the two red lines defined the region 
over which the average film height was determined in the same way. Thus, the value of 245 nm, 
vertical distance, was arrived at for the average film thickness from the image in Figure 5.4. The 
average thickness of the NFG film was determined to be 245 nm with ± 65 nm of RMS 
roughness as an error bar.  
The thickness variation of NFG samples was studied by taking several AFM images at 
different locations around the center with size of 30 μm × 30 μm, as illustrated in Figure 5.5.  
 
Figure 5.5. AFM images of NFG thin film at different locations around the sample center. 
To confirm previous data from NFG AFM images at the edge of the glass substrate, as 
illustrated in Figure 5.4, the thickness variation at the center was essential to determine the 
sample thickness. The completed data of the NFG sample roughness was compared with the 
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sample roughness at the center. The given AFM images of NFG film in Figure 5.5 (NFG001, 
NFG002, and NFG003) show the finer surface details. The thinnest parts were composed of 
monolayer of graphene layers continuous over a scale less than a nanometer, and the highest part 
could reach 200 nm. 
The analysis of the average cross-section along the blue curve, for example, in Figure 5.6 
gives that the difference in the NFG001 thickness  had a maximum thickness of around 170 nm, 
and the thickness of the flat regions had less than one nanometer, around  -100 nm. Also, the 
roughness of NFG sample at the center was about 64 nm, comparable with the roughness at the 
edge of the sample. Thus, the height variation based on the average profile of all cross sections in 
the selected area was in accordance with the reference thickness of the NFG sample that was 
previously determined to be around 245 nm.  
 
Figure 5.6. AFM image of NFG 001 film around the center, and the cross section profile. 
2. Nonfunctionalized Graphene with Gold Nanorods (AuNFG) Sample 
The AFM technique was used to define the thickness of the AuNFG thin film sample by 
measuring the step height between the glass substrate (starting point) and the film. Figure 5.7 
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illustrates the AFM measurement of the nonfunctionlaized graphene (NFG) film deposited with 
gold nanorods (AuNRs) on a glass substrate. AFM topography at the edge of the AuNFG film, 
including part of the glass substrate, showed nonuniform film [131], and the profile of the cross-
section indicated a step height of 261 nm average thickness, with ± 70 nm of RMS roughness as 
an error bar.  
 
Figure 5.7. AFM image acquired on a 30 μm × 30 μm scan area on AuNFG thin film.  
 To clarify, the AFM image of the AuNFG thin film sample shows that gold nanorods 
partially covered the NFG film. The gold nanorods appear more likely as bright dots at higher 
regions. In addition, the analysis of the AFM image as well as the cross section profile indicates 
the presence of small AuNR aggregates that partially covered the NFG. The presence of the gold 
nanorods slightly increased the average thickness of the film up to 261 nm.   
Also, the height variation of AuNFG thin film sample was considered by taking an AFM 
image around the center, illustrated in Figure 5.8, and comparing that image with the reference 
thickness and step height at the edge of the sample with the glass substrate. The analysis of both 
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the AFM image and the average cross section profile within the defined area display size features 
on the AuNFG film from -100 nm to 150 nm, supporting further the existence of gold nanorods 
on the film. The roughness of a thicker film of graphene materials was increased because of the 
occurrence of accumulated particles. The roughness on the AFM image of the studied graphene 
thin film samples was around 70 nm. Generally, AFM images look reasonable since the graphene 
surface of the studied samples was not uniform due to the fact that those films were made from 
graphite flakes, so it would be hard to be highly uniform.  
 
Figure 5.8. AFM image of AuNFG thin film around the center. 
In conclusion, the AFM tapping mode was utilized to see the topography of the studied 
graphene film samples. Thus, the average thickness of the graphene film was estimated using the 
average profile of many cross sections at the boundary of the AFM image. The AFM images of 
graphene materials and their corresponding height profiles illustrate that graphene thin films on 
glass surfaces were not flat and the deposition was not uniform. In order to get more information 
about the AuNFG film, it was necessary to study the structure of AuNRs alone. 
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5.1.3. Transmission Electron Microscope (TEM)  
The gold nanorods were examined by TEM in order to accurately determine their size 
and shape. The TEM specimen was first prepared by depositing 20 μl of DI water solution 
containing gold nanorods onto a TEM carbon grid. The grid was subsequently left for 24 hours 
in ambient conditions in a fume hood, allowing the DI water to evaporate. A typical bight field 
(BF) TEM image obtained on the sample is shown in Figure 5.9. It clearly shows an 
agglomeration of AuNRs which can be distinguished from one another. All AuNRs were very 
similar in size along their minor axis (the diameter) but have a significant distribution along their 
major axis (the length).  
 
Figure 5.9. TEM image of AuNRs sample on a carbon grid. The scale bar is 20 nm.  
Figure 5.10 is also a BF TEM image of a different area with much fewer nanorods. Both 
images can be used to directly measure the length and diameter of the rods. A statistical analysis 
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of AuNR’s lengths and diameters over many similar images was conducted. It showed that the 
average length was 36 ±3 nm, and the average diameter was 12 ±2 nm, with an aspect ratio (AR) 
of around 3. The assumption was taken that gold nanorods’ shape and size did not change by 
removing them from the aqueous solution [33].  
In summary, TEM was essential to determine both the quality and size of the gold 
nanorods, including the diameter and the length. These images demonstrated a high quality of 
uniformly grown gold nanorods. These values of AuNR sizes were taken into consideration 
when estimating the concentration of gold nanorods in graphene thin film samples, assuming a 
2D sheet of AuNRs did not affect the average thickness. 
 
Figure 5.10. Close TEM image of AuNRs in a carbon grid. 
5.1.4. Environmental Scanning Electron Microscopy (ESEM) 
It was important to define the number of AuNRs per unit area of the graphene film. Thus, 
in addition to considering the data from AFM and Raman spectroscopy to characterize the gold 
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nanorods on the NFG sheets, SEM was used to image the AuNFG film. In this study, the ESEM 
was operated in low vacuum mode with a chamber pressure set to approximately 1 Torr, which 
allowed for the accumulated surface charge to be eliminated from an insulating sample such as 
the glass substrate holding the research samples. The results showed that the gold nanorods were 
lying on the NFG thin film. As shown in Figure 5.11, the bright contrast locations of the SEM 
image indicated the presence of graphene layers together with gold nanorods. It can be seen that 
the graphene surface was decorated by AuNRs, partially covering approximately 11% of the 
film.  
 
Figure 5.11. Low vacuum SEM image of the AuNFG film defining the AuNRs density. 
 Imaging at higher magnification in the SEM provided the opportunity to roughly 
estimate the number of gold nanorods contained in any cluster. Figure 5.12 is a close ESEM 
image of the AuNFG film. In such ESEM image, 20 to 30 NRs were contained within a cluster 
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with lateral dimensions of 200 nm x 200 nm of the NFG. The number of gold nanorods was 
calculated by taking the ratio of the one AuNRs area to the cluster area taking in account the 
AuNRs number, illustrated in the following equation as: 
20 × (12 ×  36) nm2
200 ×  200 nm2
= 0.231 NRs  
As was demonstrated in Figure 5.10, roughly 11% of the 8 μm x 8 μm SEM image was 
covered with gold nanorods, so the number of gold nanorods per unit area of the film was 




, from 0.213/(8 x 8) μm
2
 with 6.1% error 
bars. This concentration was almost as comparable to the concentration of gold nanorods in the 
deionized water solution, which was 8.6 x 10
12
 NRs/ml volume in 1 cm
2 
area of the film.
 
The 





provided by Dr. Biris’ group [133].  
 
Figure 5.12. Low vacuum SEM image of gold nanorod cluster on graphene. 
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5.2. Linear Optical Characterization 
UV-visible absorbance spectroscopy is a valuable instrument to characterize noble metal 
nanoparticles, such as the gold nanorods used in this study. This is due to the high selectivity of 
photon absorption of local plasmonic resonances in the metal nanoparticles which are directly 
related to their size [20]. More details about UV-Vis spectrophotometry and its theory can be 
found in the background, Chapter 2. At the same time, the linear refractive index and the linear 
absorption coefficient of the graphene films were directly measurable using this technique, 
which is the first step in understanding the nonlinear absorption coefficients.  
A Shimadzu UV -Vis spectrophotometer [58] was used to carry out linear 
characterization for thin films of nonfunctionlaized graphene without and with gold nanorods 
(NFG) and (AuNFG) respectively, on glass substrates, as well as a linear optical characterization 
for the gold nanorods (AuNRs) alone in a deionized water solution. These measurements were 
completed relative to the glass substrate as a reference sample. Linear optical characterization 
spectra were performed at room temperature, as a function of light wavelengths ranging from 
300 nm to 1200 nm.  
5.2.1. Transmission Spectra  
1. NFG and AuNFG Samples 
  Figure 5.13 displays the transmission of the graphene films without and with gold 
nanorods, (NFG & AuNFG) respectively, relative to the glass transmission. It can be seen that 
the graphene sample had a higher transmission over the entire spectral range than the sample 
with AuNRs. Specifically, at 514 nm (the wavelength of the subsequent nonlinear 
measurements), the transmission of the NFG thin film was ~31%, and for the AuNFG thin film 
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sample it was ~28%, illustrated in Figure 5.13. 
 
Figure 5.13. Transmission spectra of NFG and AuNFG samples. 
 Thus, it can be seen that there was only a small decrease in the AuNFG transmission due 
to the AuNRs, compared to the NFG transmission. In fact, the characteristic plasmon resonances 
due to localized surface plasmons in the NRs, which can be seen in Figure 5.18 around 510 nm 
and 750 nm, were not obviously visible here. There is a little shoulder around 500 nm in the 
AuNFG transmission curve. 
2. Gold Nanorods (AuNRs) Sample 
To get more information about the AuNFG sample, it was necessary to investigate the 
structural and optical properties of AuNRs by themselves. The last sample that was considered in 
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this research was gold nanorods dispersed in deionized water, filled in a 1 mm optical path of a 
quartz cuvette, as illustrated in Figure 5.14.  
 
Figure 5.14. Gold nanorods (AuNRs) in a quartz cuvette. 
Figure 5.15 illustrates the obtained transmission spectra of this AuNRs sample, respect to 
deionized water, at different calculated concentrations. These transmission curves clearly showed 
the two plasmonic resonance peaks at 514 nm and 750 nm. It seems that these AuNRs, with 1/36 
reduction of the full concentration, somewhat enhanced the optical effects in the entire visible 
range of the NFG thin film sample.  
In addition, the derivative curves of those AuNRs transmission at different concentrations 
are plotted in Figure 5.16, which indicated the position of the AuNRs plasmonic resonance 
peaks. To clarify, the deposition ratio of graphene to gold nanorods (AuNRs) was 9:1, which may 
have been too small to notice plasmonic resonance effects on the total transmittance spectra of 
the AuNFG sample. Thus, the AuNFG transmission curve looked flat like the transmittance of 
NFG sample, illustrated in Figure 5.13. The AuNRs were apparently just lowering the entire 
transmittance curve of the NFG sample. 
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Figure 5.15. Transmission spectra of AuNRs at different calculated concentrations. 
 
Figure 5.16. Derivative of AuNRs transmission spectra for different concentrations. 
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However, the plasmonic resonances of the AuNRs could be made evident by subtracting 
the transmission spectral curve of the NFG from the AuNFG, which is presented in Figure 5.17. 
There are two small valleys around the transverse and longitudinal plasmonic surface resonances 
of the gold nanorods at around 500 nm and 750 nm, respectively. 
 
Figure 5.17. Transmission spectrum of AuNRs, based on AuNFG and NFG transmissions. 
Moreover, in order to confirm these AuNRs plasmonic resonance positions, the first 
derivative of the AuNFG transmission curve was taken. Figure 5.18 highlights the AuNFG 
transmission derivative as a function of the light wavelength. There were evident subtle features 
which indicated the plasmonic resonances. There were three different negative slopes with 
ending points around 500 nm and 730 nm in wavelength, which matched the positions of the two 
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plasmonic peaks for AuNRs. Also, the derivative of the NFG transmission was taken to 
demonstrate that it was almost a horizontal line with one slope, as illustrated in insert of Figure 
5.18. This was different than the derivative of the AuNFG transmission curve that was pointing 
to positions of the AuNRs resonance peaks. 
 
Figure 5.18. Derivative of AuNFG transmission spectra to highlight AuNRs plasmonic 
resonances; insert is the derivative of the NFG transmission.  
5.2.2. Linear Reflectance and Absorption Spectra  
1. NFG & AuNFG Reflection 
A UV-Vis spectrophotometer [58] was used to carry out linear optical spectral 
reflection measurements for thin films of nonfunctionlaized and functionalized graphene without 
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and with gold nanorods, NFG, AuNFG, FG, and AuFG. Additionally, reflectance spectra of all 
graphene thin films were measured as a function of wavelength at room temperature. The 
reflectance spectra of these graphene samples on glass substrates were illustrated in Figure 5.19.  
 
Figure 5.19. Reflectance spectra for all graphene samples as a function of wavelength. 
2. NFG & AuNFG Absorption 
The absorption (A) was calculated based on the measurements of transmission (T) and 
reflection (R) spectra of the research graphene samples using Equation 4.12. The absorbance 
spectra of the NFG and AuNFG samples were illustrated as a function of light wavelengths in 
Figure 5.20.  
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Figure 5.20.  UV-Vis absorbance spectra of NFG and AuNFG samples. 
Figure 5.20 confirmed that surface plasmon absorption band of gold nanorods enhanced 
light absorption more in the AuNFG thin film sample when compared to the NFG sample. The 
AuNFG sample was synthesized with about 11% gold nanorods, with diameter and length 
average of 12 and 36 nm, respectively, which guaranteed an adequate optical absorption in the 
selected wavelength of Ar
+
 laser at 514 nm. The difference of the absorbance spectra of the NFG 
and AuNFG sample is illustrated in Figure 5.21. It is shown that there was a small dip around 
500 nm wavelength, confirming the working conditions of the Z-scan measurements were in 
resonance with those gold nanorods. 
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Figure 5.21. Difference between the AuNFG and NFG absorbance spectra. 
Using the theoretical model of the transmission and reflection of thin slab materials 
presented in section 5.3.2 along with the results from the measured optical transmittance, 
reflection, and absorption spectra, the linear absorption coefficient (α) as well as the linear 
refractive index (n) of the studied graphene samples were calculated.  
3. Gold Nanorods Absorption 
Plasmonic resonance absorption of the gold nanorods sample was studied using UV-Vis 
spectroscopy at room temperature. A concentration of 1 mg of gold nanorods in 1 ml of 
deionized water resulted in approximately 8.6 x 10
12
 nanorods/ml, as provided from Dr. Biris’s 
research group at University of Arkansas in Little Rock [133]. The transverse and longitudinal 
surface plasmon resonance (SPR) modes of the AuNRs sample, which corresponded to two 
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absorption peaks, are illustrated in Figure 5.22.  
 
Figure 5.22. Linear absorption spectrum of 12 nm x 36 nm gold nanorods (AuNRs). 
In the absorbance spectrum of AuNRs dispersed in deionized water, there were two main 
peaks which could be seen around 514 nm and 750 nm, indicating the long surface plasmonic 
resonance (LSPRs) of transverse and longitudinal modes [33]. It is well known that the 
longitudinal mode is particularly sensitive to many factors, including the refractive index of the 
surrounding material, the shape, aggregation, and size of the gold nanorods, which cause changes 
on the spectral shape as well as spectral shifts. In a reported study [33], the longitudinal mode 
had unsignificant changes except that little shift on the peak position, which was caused due to 
the refraction variation among the media. 
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For the studied gold nanorods sample, the absorption spectra was determined directly 
from the transmission spectra since the linear reflectance of nanoparticles in solution could be 
considered to be zero due to the high scattering from the particles in the forward direction. This 
value of zero reflectance was based on the Mie classic scattering theory of nanoparticles [134], 
which is discussed in the background, Chapter 2. As demonstrated in Figure 5.22, the linear 
optical absorption spectrum of the AuNR sample was determined to be around 0.07 at 514 nm 
wavelength for the full concentration. 
 Also, the linear absorption coefficient (α0) of the gold nanorods in solution, having the 
same concentration as AuNRs deposited in the graphene film, was estimated using Beer’s law:  
                                       T= exp (-α0L)                                                            (Equation5.1) 
where L is the thickness of the cuvette (1mm), T is the measured transmission taking into 
account the total reflection of AuNRs sample to be almost zero, and n0 is the linear refractive 





All these optical linear measurements confirm that the built Z-scan system with 514 nm 
wavelength was close to the AuNRs plasmonic resonances.  
5.2.3. Transmittance and Reflectance of a Thin Slab 
 It is important to study the light interaction with the interfaces of thin film optics, for 
which the transmission is used in the case where the optical losses are negligible. To illustrate, 
the transmitted light of a film with two surfaces is determined by their transmission coefficients. 
Figure 5.23 illustrates that T12 denotes the transmission through the first interface as the light 
goes from a medium 1 to a medium 2, the sample, and T21 is the transmission from the medium 2 
to a medium 3 which in this case is equivalent to the medium 1, air [135].  
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Therefore, the whole transmittance system involving both interfaces depends on the 
product of T12T21, but some fractions of this light could get reflected at both interfaces. 
Respectively, R12 and R21 is the reflection from the first and the second surface of the material. 
The whole reflection of a negligible absorptive material could be found from the following 
expression [135]: 
                                       R = R12 + T12 R21 T21+ T12 R
3
21 T21 = 
2𝑅12
1+𝑅12
                          (Equation 5.2) 
In full equivalence, the material transmission is:  
                                    T = T12 T21 +T12 T
2
21 T21 = 
1−𝑅12
1+𝑅12
                                             (Equation 5.3) 
 
Figure 2.23. Representation of material geometry for transmission and reflection. 
Immediately, the sum of transmission and reflection could be seen equal to one. In the case of a 
normal incident light, both the transmission (T) and reflection (R) are written as [135]: 
                                          R12 = R21 = (
n2−n1
n2+n1
)2                                                      (Equation 5.4) 
                                 T12 = 1 − R12 =
4n1n2
(n2+n1)2
= T21                                                (Equation 5.5) 
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For the case of n1 = 1 (air) and the linear refraction of the material is n with the normal incident 
light, both expressions of reflection and transmittance could be simplified to be: 
                                             Rφ=0 =
(n−1)2
n2+1
                                                                  (Equation 5.6) 
                                           Tφ=0 =
2n
n2+1
                                                                       (Equation 5.7) 
Easily, the refractive index of the material could be calculated from Equation 5.2 to be:  
                                               n = T−1 + √T−2 − 1                                                   (Equation 5.8) 
In the case of absorbing material, Equation5.2 and Equation 5.3 could be simply 
generalized considering that the intensity decay, due to the interface penetration, is proportional 
to exp (-α0L), with L being the material thickness. Therefore, the relative relations are obtained 
by making the following substitution [135]:  
T21 ⟶ T12e
−αL, R12 ⟶ R21e
−αL 
The obtained expressions for both reflection and transmission could be written as:  





                                                      (Equation 5.9) 





                                                       (Equation 5.10) 
As (αL) goes to ∞, the transmission (T) becomes zero and the reflection (R) can be found for the 
first interface [135]. In the case of negligible absorbance, Equation 5.9 and Equation 5.10 could 
be equal to Equation 5.6 and Equation 5.7, where there is no dependence on the material 
thickness [136].  
 The linear transmittance and reflectance spectra of the glass substrate were measured 
using UV-Vis -NIR spectrophotometry. The total transmission (T) was 0.8856, while the 
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reflection (R) was 0.0868 at a wavelength of 514 nm. Those values of T and R were used, with 
n0 = 1 for air, to calculate the linear refractive index (n2) and the linear absorption coefficient (α2) 
for the glass substrate with d2 = 1 mm thickness. As demonstrated in Figure 5.24, the total 
transmission (T) and reflection (R) of the light through the glass substrate was expressed using 
the following equations: 
                                   T (glass) =  T02T20e
−α2d2                                                     (Equation 5.11) 
                          R(glass) =  R02 + T02R20T20e
−2α2d2                                            (Equation 5.12) 
 
Figure 5.24. Schematic diagram of the glass substrate’s transmission and reflection. 
Substituting those values in Equation 5.9 and Equation 5.10, new equations resulted for 
the glass substrate with two unknowns (n2 and α2), and could be easily solved as: 




2 e−α2d2                                                  (Equation 5.13) 
                               Rglass = (
1−n2
1+n2






]                                 (Equation 5.14) 





      
 
 After that, the linear refraction (n2) and absorption (α2) for all graphene thin film samples 
were found based on the measured linear characterizations of transmission (T) and reflection (R) 
using a spectrophotometer, as well as the calculated values of n2 and α2 for the glass substrate as 
a reference sample. Figure 5.25 illustrates a schematic diagram representing the transmitted and 
reflected light path through the graphene thin film sample on the glass substrate. 
 
Figure 5.25. Transmission and reflection through the graphene material. 
 Based on the transmission and refraction diagram of the graphene material in Figure 2.25, 
the total reflection could be expressed as:          
          R(graphene on glass) =  R01 + T01R12T10e
















R = R01 + 
n1
n0






 (1 − R01)
2 (1 − R12)
2                   (Equation 5.16)                    
Here d2 is the graphene thickness. Meanwhile, the total transmission is written as: 
                                        T =  T01T12T02 e
−α1d1  e−α2d2                                          (Equation 5.17) 
Equations 5.16 and 5.17 could be simplified to be: 















  e−2α1d1  e−2α2d2      (Equation 5.18) 
and 









 e−α1d1  e−α2d2                                 (Equation 5.19) 
Starting with Equation 5.19 to find the linear refractive index (n1) by knowing n2 and α2 for the 
glass substrate as well as the thickness for the graphene material (d1) from the AFM 
measurements,  






                                  (Equation 5.20) 
substitute Equation 5.20 in Equation 5.18 to solve for n1 from the following expression: 
R n1
2 (1 + n1)
2 =   n1
2(1 − n1)
2 +  
                0.00485 (1 + n1)
2(n1 − 1.55)
2(1.55 + n1)
2 +  0.0722 n1
4                     (Equation 5.21) 
 These α and n0 values for the graphene samples are based on the transmittance and 
reflectance measurements of the 1 mm thick glass substrate, with a 1.516 linear refractive index 
and 0.04802 cm
-1
 linear absorption. Knowing the measured value of reflection (R) from UV-
visible spectrophotometer, Equation 5.21 could be solved easily to find the reasonable value for 
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the refractive index (n1), 1 < n < 3, of all graphene samples. For example, R = 3.619% and T = 
23.929% for the nonfunctionlaized graphene (NFG) with thickness (d1) of 254 nm, thus the 
refractive index (n1) was calculated to be 2.141. Finally solving Equation 5.20, the linear 




. Thus, Equation 5.20 and Equation 
5.21 were solved together to find the linear refractive index (n) and the linear absorption 
coefficient (α) for the other studied graphene samples, AuNFG, FG, and AuFG, knowing the 
measured value of transmission (T) and reflection (R). The obtained linear results for both n and 
α are summarized in Table 5.2 below for all graphene thin film samples at a wavelength of      
514 nm. 
 Table 5.2. Linear absorption and refraction coefficients for graphene samples at 514 nm. 
 5.3 Nonlinear Characterization 
Thermal nonlinearities of graphene materials with different treatments such as functional 
groups and deposited gold nanorods were studied using the built Z-scan system, which measures 
nonlinear absorption and nonlinear refraction at different laser powers. The Z-scan is a single 
beam technique that can define not just the magnitude but also the sign of the nonlinear 
refraction. In this research, the thermal nonlinearities of all studied graphene thin films were 






2.27 E+4 2.96 E+4 4.39 E+4 4.85 E+4 1.067 E+3 
Linear Refractive 
Index (n0) 
2.141 1.622 1.847 2.36 2.314 
Thickness (L nm) 245 261 92 101 36 x 12 
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) laser with a wavelength of 514 nm, that was in resonance with AuNRs.  
 The schematic diagram of the Z-scan technique is illustrated in Figure 5.26. Z-scan 
measurements were completed in two regimes. The first regime was an open aperture in which 
all transmitted light passing through the material was recorded using a power meter in the far 
field. The other regime was known as closed aperture in which just an open-axis part of the 
diffracted light was measured. Thus, the open aperture Z-scan was sensitive to determine 
nonlinear absorption coefficients (β) of all studied graphene films. On the other hand, the closed 
aperture Z-scan measured both thermo-optical coefficient (dn/dT) as well as the nonlinear 
refraction (n2).  
 
Figure 5.26. Schematic diagram of the adjusted experimental Z-scan setup. 
5.3.1. Linear Calibration of the Z-Scan System 
In the Z-scan system, a beam cube splitter was utilized to split the Ar
+
 laser beam. The 
reflected beam was considered as a reference signal, to control the fluctuations in the laser 
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power. The control of the laser power was achieved by using a set of two polarizers. The first 
polarizer was rotated to adjust the output of the laser power, and the second polarizer was not 
rotated to maintain the same polarization direction of the Ar+ laser light on the material. The Z-
scan data was obtained by measuring the laser transmitted through the material at each z 
position. The movement of the material was 120 steps over 0.001 in. ( ~ 0.0025 cm). This 
distance ensured adequate covering of not only the linear but also the nonlinear regions. Even 
though it is seemed to be experimentally difficult to define the Rayleigh range (z0) of a firmly 
focused Gaussian laser beam [137], the used z0 in the built Z-scan system was confirmed 
experimentally and theoretically. The Rayleigh length of the focused laser beam (utilizing a lens 
of a 5 cm focal length was experimentally determined to be 0.058 cm, related to the 9.74 μm 
beam waist at the beam focus. Also, the Rayleigh range extracted from the fitting equation of the 
Z-scan data, was 0.023 in. (~ 0.01 cm), which agrees with the theoretical value. Also, the z0 
value was almost the same at all various laser input powers.  
Because all graphene samples were deposited on glass substrates, as a reference, Z-scan 
measurements were first performed just on that the glass substrate. The glass was a standard 
rectangular microscope plain glass slide with 1 mm thickness. Thermal nonlinearity of the glass 
substrate alone was experimentally measured using Z-scan measurements at various applied laser 
input power. The open aperture results on the glass substrate at 156 and 780 mW applied laser 
power are illustrated in Figure 5.27, and it is clearly shown that the glass did not exhibit any 
nonlinear behavior. At low input applied laser power, the noise in the experimental data was very 
high compared to that at higher power. This noise was related to the stability of the Ar
+ 
laser and 
is represented by larger error bars in the following experimental data of the graphene samples at 
lower laser power. Thus, any background effects on the Z-scan measurements due to 
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the glass were minimal.  
 
Figure 5.27. Open Z-scan measurements on a glass substrate at different laser power. 
All Z-scan experimental measurement results for glass substrates did not show any 
nonlinearity in the medium of graphene deposited on the glass. This linear result on the glass 
indicated that the subsequent measurements of the Z-scan could be conducted without 
background noise and with high confidence in neglecting the background effects. Thus, the Z-
scan results for all studied graphene thin films were relative to the glass substrate as a reference 
sample. 
5.3.2 Nonlinearity of Nonfunctionlaized Graphene (NFG)  
The detailed discussion of the Z-scan method was completed in Chapter 3 and the 
calibration of the built Z-scan setup was implemented to achieve the thermal nonlinear properties 
of the BBO crystal as a testing sample. In order to produce reliable measurements, the Z-scan 
setup was built, systematically developed, and categorized using the BBO crystal due to its 
strong nonlinearity (details in Chapter 4). The obtained results for the thermo-optic coefficient 
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Numerous measurements on BBO showed the effectiveness and the accuracy of the built Z-scan 
setup in measuring the thermal nonlinear properties. Then, thermal nonlinearities of the graphene 
film samples were studied at different laser powers using the calibrated Z-scan system, as 
illustrated in Figure 5.26.  
1. Open Aperture Z-Scan of NFG  
The open aperture Z-scan measurement was completed on the NFG sample using 
different laser input powers, 158, 303, 525, 620, and 767 mW, as illustrated in Figure 5.28. 
Nonlinear absorption of the NFG sample was indicated through a smooth valley graph that was 
symmetric around the focal position (z = 0). Repeating the measurements four times at the same 
conditions and having the same nonlinear shape of the open Z-scan measurements confirmed the 
reliability of the experimental data with small error bars based on the standard deviations.  
 
Figure 5.28. Open Z-scan measurements of the NFG film at different applied Ar
+
 laser powers 
with the error bars; the red curves are the theoretical fitting. 
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In open aperture, the characterization of the laser intensity (absorption dependence) was 
accomplished. At different laser powers, the experimental open Z-scan data, normalized 
transmittance (∆T) versus the material position (z), was fitted using the equation:     








                                              (Equation 5.22) 
Here the fitting parameters were the Rayleigh range (z0) and the complex parameter (q0), which 
were related to the material nonlinear absorption (β) by: 
                                            q0(z, t) = βI0(t)Leff                                                     (Equation 5.23) 
Leff was the material effective thickness, around 188 nm for NFG, found through:  
                                             Leff =
1−e−αL
α
                                                                 (Equation 5.24) 
where α was the material linear absorption. The calculation of the laser intensity was achieved 
through dividing the laser power (P) by the cross-sectional area of Ar
+
 laser at the focus (πw0
2), 
as in the following expression: 
                                                      I0 =
2P
πw0
2                                                              (Equation 5.25) 
As laser input powers vary, the theoretical fitting curve has the same shape, but the fitting 
parameters are different. As shown in Figure 5.29, the fitting complex parameter (q0) of the open 
Z-scan measurements was directly linearly dependent on the input laser intensities. For example, 




. Thus, the 
measured value of the nonlinear absorption coefficient (β) was 1.58 x 10
-2
 ± 0.0016 cm/W with a 
spot size of 9.74 μm, based on the slope of the linear curve in Figure 5.29 and using Equation 
5.23. This nonlinear absorption value was comparable with that value for graphene, using a cw  
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laser at a wavelength of 405 nm, stated to be around 0.251 x 10
-3
 cm/W [138].  
 
Figure 5.29. Complex fitting parameter (q0) versus the laser intensity (I0). 
2. Closed Aperture Z-Scan of NFG  
To define the nonlinear refraction and thermo-optic (dn/dT) coefficient of the NFG thin 
film sample, both the open and closed aperture Z-scan measurements were performed at various 
input laser powers. In the closed aperture regime of the Z-scan measurements, a small aperture 
with 500 μm in size was placed in front of the detector, which was aligned to the beam center, 
and the aperture was positioned as far as possible from the lens focus at d >> z0. Thus, the 
transmitted light reaching the detector was reduced to 10% of the original value in the open 
aperture regime. The aperture linear transmission was estimated to be around 0.1 where the Ar
+
 
beam radius at the aperture plane was around 3 mm. 
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 Figure 5.30 demonstrates the closed aperture experimental data for the NFG thin film 
sample at different laser powers. The curves were achieved by dividing the open aperture data by 
the closed aperture Z-scan data, resulting in clearly visible nonlinear refraction. The signal-to- 
noise ratio was improved by taking four measurements per z position which decreased the error 
bar. These closed aperture results on the NFG film show the peak-valley pattern which was an 
indication of self-defocusing. This corresponded to a negative value of the material nonlinear 
refraction. 
 
Figure 5.30. Closed aperture Z-scan measurements on NFG at various laser input powers to 
define the nonlinear refraction. 
The nonlinear refraction of the NFG thin film was obtained by taking the transmittance 
difference between the valley and peak. The closed aperture experimental data was fitted using 
the following theoretical equation of the thermal lens model which was derived in Chapter 3: 
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                                          TN(z, t) =  [1 + θ
2x
1+x2
]−1                                   (Equation 5.26) 
Figure 5.31 depicts that the laser phase shift was linearly changed as a function of the 
applied laser power, 158, 303, 525, 620, and 767 mW. First, the values of dn/dT were calculated 
from extracting the fitted values of the phase shift (θ) from closed aperture Z-scan curves for the 
NFG sample at all laser input powers using the formula:                                                                                                            






                                                        (Equation 5.27) 
 
Figure 5.31. Phase shift of Ar
+ 
laser beam after passing through the NFG sample as a function of 
the laser input power.
 
 
Figure 5.32 demonstrates the change in the refractive index of the NFG sample versus the 
applied laser intensities, and those data were fitted with a second order polynomial equation to 
extract the nonlinear refraction value. For example, the laser phase shift was found, using 
Equation 5.26, to be 0.1498 at 303 mW input laser power, so the thermo-optic coefficient 
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(dn/dT) for the NFG sample was calculated to be 2.091 x 10
-4
/K. Then, the change in the 
refractive index was found applying the following expression, derived in Chapter 3:  






                                        (Equation 5.28) 
With the thermal conductivity (k) for the graphene material of 1495 W/m•K at room 
temperature [139] (depends on the surface cleanness and the material quality), the change in the 
refraction (∆n) was calculated to be 8.097 x 10-2 at 2.034 x 105 W/cm2 of laser intensity.  
 
Figure 5.32. Change in refraction for the NFG film as a function of applied laser intensity. 
The effects of defocusing were due to thermal nonlinearities that resulted from the 
material absorption. A focused Gaussian laser beam that traveled through an absorbing material 
caused a spatial temperature distribution around the material. Therefore, a spatial change in the 
material refraction was considered as a thermal lens, which resulted in a phase shift in the 
n1
`= -1.5224 x 10-6 cm2/W 
n2




      
 
propagated laser beam. The change of the NFG refraction was due to raising temperatures as 
illustrated in Equation 4.13, and dn/dT was due to a density change with temperature. Generally, 
the expansion contribution to dn/dT was negative since the density declines in shrinking, and the 
material refractive index was linearly related to density change. This was the main reason behind 
getting a negative nonlinear refraction of the NFG sample.  
The value of the thermal nonlinear refractive index (n1`) for the NFG sample was found 




/W, based on the fitting parameters in Figure 5.32. The 
difference between the published optical nonlinear refraction value for graphene and the 
measured value of nonlinear refraction in this research study might be due to the material quality 
and using a cw laser.  
5.3.3. Experimental Results for Gold Nanorods 
The thermal nonlinearities of gold nanorods were considered utilizing the built Z-scan 
method. The same Z-scan setup was employed for both the NFG sample and the AuNRs sample. 
The only adjustment was that a new holder was necessary to be used for the gold nanorods 
sample. This implied that all the experimental considerations that were applicable to the NFG 
thin film sample still held, excluding those pertaining to potential difficulties with the quartz 
cuvette [137].  
With this concern, both open and closed aperture Z-scans were directed to differentiate 
nonlinear absorption and refraction effects for the AuNRs sample. In the Z-scan setup, a 
Gaussian beam of a cw Ar
+
 laser with wavelength (λ) of 514 nm was strongly focused using a 
convex lens with a focal length (f) of 5 cm. A translational stage was adjusted such that DI water 
solutions containing the gold nanorods sample, which was filled in a quartz cuvette with a one 
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mm thickness, traversed through the focal point. Then the transmitted laser beam through the 
cuvette was observed using a detector in the far field.  
5.3.3.1. Linear Testing  
It was important to run the Z-scan measurements with just the deionized water in the 1 
mm glass cuvette in order to consider the background of the gold nanorods and reduce any noise 
signals. The flexibility of the Z-scan setup on handling different kinds of samples was proved, 
and the thermal nonlinearity of the AuNRs in a deionized water solution was completed. Figure 
5.33 shows such a closed aperture Z-scan conducted with deionized water as a reference sample.  
 
Figure 5.33. Linear behavior of deionized water in a quartz cuvette using the closed aperture Z-
scan measurements at different laser input power: 156, 303, 525, and 620 mW. 
Clearly, the deionized water sample did not display any nonlinear absorption behavior, 
which confirmed the minimal effects of the background. The signal-to-noise ratio in the closed 
aperture Z-scan measurements at low laser powers was very low compared to the noise at higher 
laser powers. This noise was associated with the power stability of the Ar
+ 
laser beam, causing 
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higher error bars in the experimental data at lower laser powers. All Z-scan experimental 
measurements in the open and closed aperture regimes for the deionized water in the 1 mm thick 
quartz cuvette did not show any nonlinearity. Thus, any background effects on the Z-scan 
measurements for the AuNRs sample, due to the deionized water, were insignificant and gave 
high confidence in the measured nonlinearity of AuNRs.  
5.3.3.2. Thermal Nonlinear Behavior on AuNRs 
The nonlinear transmission studies of gold nanorods were investigated through the Z-
scan system using the cw Ar
+
 laser at 514 nm wavelength. At nanoscale, metallic nanoparticles 
feature the intrinsic capability to confine light by the excitation of the localized plasmonic 
resonance (LPR), oscillations of the free electrons that are localized at the dielectric and metal 
interface [20]. At illumination of resonant light, the light is converted to heat by MNPs, 
becoming heat nanosources and unpredictably widening the range of applied applications from 
photonics to nanomedicine. This happens due to the fact that the light absorption related to LPR 
elicits the process of the heat generation, involving both incident photon absorption and heat 
transfer between the MNPs and the hosting material. It is highly significant to monitor the 
nanoscale temperature of material under the optical illumination, for nanomedicine, plasmonic 
and photonic applications [20]. 
1. Nonlinear Absorption of AuNRs 
To collect appropriate experimental data of the Z-scan measurments, the AuNR sample 
was scanned along the z direction of the laser propagation. The sample movements were around 
the focal point, where the laser intensity was very high, so the nonlinearity could occur. In the 
open aperture case, the normalized transmittance of the sample, relative to the linear 
transmittance, was plotted versus the position of the studied sample. The Z-scan measurement 
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was completed several times on AuNRs to confirm the consistency of the obtained results. Each 
point in the experimental data included the error bar that was the standard deviation of the 
average value.  
Figure 5.34 illustrates the open aperture Z-scan data for the AuNRs sample at various 
input powers –158, 303, 525, 620, and 767 mW– using a 514 nm wavelength of Ar
+
 laser. The 
experimental data point was shown together with the theoretical fitting curve in the solid line. 
The AuNRs transmission symmetrically decreased around the focal point using different input 
laser powers, which pointed to the nonlinear absorption in the AuNRs. The experimental results 
agreed with the theoretical model that as the laser power increases more absorption occurs inside 
the material, indicating a larger valley. 
 
Figure 5.34. Open Z-scan experimental data of AuNRs with concentration of 1ng/ml at 514 nm 
wavelength at different input laser power; the red curves are the theoretical fitting. 
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All open aperture Z-scan results were fitted with red solid curves based on the theoretical 
model in Equation 5.22. Calculation of the nonlinear absorption coefficient (β) for AuNRs was 
easily found using the fitted value of the complex parameter (q0). Figure 5.35 displays complex 
parameter (q0) of the AuNRs sample versus the laser intensity. For example, at 303 mW of Ar
+
 





The value of q0  was 0.13434 from the fitting curve, so the nonlinear absorption coefficient could 
be estimated to be 1.82 x 10
-5 





 at 514 nm.  
 
Figure 5.35. Open aperture-fitting parameter (q0) for the AuNRs sample as a function of laser 
intensity. 
The data in Figure 5.35 fit nicely with the linear theoretical model of the open aperture Z-
scan given in Equation 5.23, with a slope of β Leff. Thus, the value of the nonlinear absorption 
coefficient for AuNRs was found to be approximately 0.215 x 10
-4
 ± 3.19 E-6 cm/W. Figure 5.36 




 β = 2.15 E-5 cm/W 
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different levels of the laser intensity. Clearly, the nonlinear absorption (β) of the AuNRs sample 
did not depend on the applied laser intensity. Thus, β was a constant value that was considered as 
one of the material parameters.  
 
Figure 5.36. Nonlinear absorption coefficient of AuNRs as a function of the laser intensity. 
These results indicated that there was heat accumulation inside the focal volume of the 
gold nanorods by absorption of cw Ar
+
 laser, and the embedded AuNRs acted as absorbers of the 
cw laser energy in the nanoscale. Then, the laser energy transferred from the gold nanorods to 
their environment through phonon-phonon interactions, which caused the temperature of the 
focal volume to increase. As a result, the absorbed energy dissipated out from the focal volume 
to the bulk medium [55]. It was important to take in account that the rise in gold nanorods’ 
temperature due to the cw laser was not sufficient to melt nanorods. 
2. Nonlinear Refraction of AuNRs 
After measuring the deionized water in a 1 mm quartz cell as background, the AuNRs 
sample in a deionized water solution was studied to determine the thermal nonlinear refractive 
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index. In the closed aperture measurements, a peak shadowed by a valley was shown in the 
normalized transmittance, as illustrated in Figure 5.37. Again, these data were achieved by 
dividing the closed data of the AuNRs sample by the open aperture data. The unique shape of the 
closed aperture Z-scan data was a clear sign of a self-defocusing inside the AuNRs material. This 
self-defocusing behavior directed to a negative nonlinear refraction of the AuNRs sample. 
 
Figure 5.37. Closed aperture Z-scan experimental results of the AuNRs sample at different laser 
power; the red curves are the theoretical fitting. 
The nonlinear behavior of the AuNRs sample occurred as the refractive index decreased 
with an increase in the beam intensity, which had a higher intensity at the center than at the 
material edges. Thus, the refractive index profile corresponded to a negative lens, which caused 
the laser beam to defocus. Nonlinear fitting of the previously closed aperture experimental data 
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for AuNRs was described by Equation 5.26. This fitting equation states that the change on the 
laser phase was due to the nonlinear refractive index, as plotted in Figure 5.38. 
 
Figure 5.38. Change in the laser beam phase shift through the AuNRs sample dependent on the 
applied laser power. 
From the theoretical thermal fitting equation of the closed aperture Z-scan experimental 
results, the nonlinear refraction (𝑛1
` ) and the thermo-optic coefficient (dn/dT) for the AuNRs 
sample were extracted. Also, based on the phase shift as a function of the Ar
+
 laser powers in 
Figure 5.39, dn/dT for the AuNRs sample was estimated to be 0.2301x 10
-5
/K, using Equation 
5.27, at laser input power of 158 mW. 
In addition, the refraction change (∆n) was calculated to be approximately 0.4775 x 10
-4
, 
using Equation 5.28, at 158 mW of applied Ar
+
 laser power. Thus, the magnitude of the obtained 
 
168 
      
 
nonlinear refractive index (𝑛1





/W. This value was based on the polynomial fitting of the refraction change 
versus the laser intensity, as illustrated in Figure 5.39. 
 
Figure 5.39. Refraction change (∆n) for the AuNRs sample as a function of the laser intensity; 
fitted with polynomial equation (red curve). 
The evaluated thermal nonlinearity values for the AuNRs sample agreed well with the 
nonlinearity values of gold nanoparticles stated in a recent study [140]. The nonlinearity of gold 
nanoparticles, with sodium chloride and lipoic acid in water, was measured in reference [126] 
using a cw Ar
+
 laser at 514 nm. Their values of the nonlinear absorption coefficient was         
1.07 x 10
-3




/W. The accuracy of 
the Z-scan measurements was mainly limited by the fluctuations in the linear region, which were 
due to oscillations in the spatial laser power distributions. Considering a Gaussian beam that was 
n1
`= -0.0045 x 10-8 cm2/W 
n2
`= -0.0422 x 10-16 cm4/W2 
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incident on a material, the laser beam was absorbed through the material and directly gave local 
heat [139]. Thus, the modification of the material temperature occurred, which enhanced the 
nonlinear refraction. It was assumed that the material refraction linearly depends on temperature.  
5.3.4. Thermal Nonlinearity of Graphene with Gold Nanorods 
There is no known study related to the effects of gold nanorods on thermal nonlinearities 
of graphene materials. Thus, study of the thermal nonlinearity of the AuNFG is very significant 
to explore the AuNRs effects on graphene materials, which helps to increase the practical 
applications in various nonlinear fields. 
1. Open Aperture Z-Scan for AuNFG 
For the AuNFG thin film, the same measurements of the open aperture Z-scan were 
completed using a cw Ar
+ 
laser with a 514 nm wavelength, which was in resonance with the gold 
nanorods plasmonic peaks. The normalized transmittance as a function of the position (z) of the 
AuNFG thin film sample, at various input laser powers, is illustrated in Figure 5.40. The 
experimental open aperture Z-scan measurements were sensitive to the nonlinear absorption of 
the AuNFG sample.  
The results of the open aperture Z-scan illustrated a smooth symmetric valley at the lens 
focus that increased with higher applied input laser power. Repeating the measurements for four 
times at the same conditions and having the same nonlinear shape of the open Z-scan data 
confirmed the reliability of the experimental data with small error bars based on the standard 
deviations, as presented in Figure 5.40. The experimental results of the open aperture Z-scan for 
the studied AuNFG sample were fitted with the theoretical Equation 5.22, the same as used for 
both the NFG and AuNRs samples. 
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Figure 5.40. Open aperture Z-scan curves of nonfunctionalized graphene with gold nanorods at 
514 nm wavelength with different incident laser power.  
The fitting parameter (q0) of the open aperture Z-scan measurements for the AuNFG 
sample was directly linearly dependent on the applied laser input intensities at the focus, as 
presented in Figure 5.41. The nonlinear absorption (β) for the studied AuNFG sample was 
calculated to be 2.602 x 10
-2
 cm/W, based on the complex fitting parameters and using Equation 





effective thickness for the AuNFG sample on the order of 200 nm. 
Comparing the nonlinear absorption value of the studied AuNFG sample, around      
2.602 x 10
-2
 ± 0.00276 cm/W, with the NFG value, approximately 1.58 x 10
-2
 cm/W, confirmed 
that the huge nonlinear enhancement was due to the gold nanorods. The presence of gold 
nanorods on the graphene sample enhanced the nonlinear absorption by 50%. 
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Figure 5.41. Plot of the complex parameter (q0) as a function of I0, achieved from the fitting 
curve of the open aperture Z-scan data for the AuNFG sample. 
2. Closed Aperture Z-Scan for AuNFG 
The magnitude and the sign of the thermal nonlinear refractive index for the studied 
AuNFG thin film sample were extracted from the closed aperture Z-scan measurements. The 
experimental data for the closed aperture Z-scan using different laser power – 158, 303, 525, 620, 
and 767 mW – is illustrated in Figure 5.42. The closed aperture results for the AuNFG film 
noticeably presented the peak-to-valley shape that indicated third order nonlinear properties. The 
nonlinear behavior of the AuNFG thin film was explained by self-focused phenomena as the 
sample was moved closer to the laser source and the lens, and was determined as a self-
defocused effect once the sample positioned on the other side closer to the detector. The standard 
deviations of these curves were small since the calculation was based on the average of the 
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whole values, not just the minimum and maximum. The small error bars ensured the accuracy of 
the theoretical fitting curve to the experimental data. The thermal lens model, Equation 5.26, 
closely fit the experimental data for the AuNFG closed aperture Z-scan measurements. 
 
Figure  5.42. Experimental data of closed aperture Z-scan for the AuNFG sample at various 
applied laser power. 
The phase shift of the Ar
+
 laser beam was linearly changed with the applied laser power, 
as demonstrated in Figure 5.43. Clearly, the value of the phase shift was raised with the increase 
of the Ar
+
 laser power because of the rise in the temperature. As a consequence of the raised 
temperature, self-diffraction occurred, while dn/dT and n2, which were negative, were reduced. 
The ratio of gold nanorods to graphene material was 1:9, so the gold area coverage was around 
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11% and, based on Figure 3 in reference [139], the thermal conductivity was taken to be around 
1240 W/m•K at room temperature.  
For example, the phase shift value, at 158 mW laser power, was 0.0905, and the 
calculated value of dn/dT for the AuNFG sample, using Equation 5.27, was 1.387 x 10
-4 
/K, and 
the value of the refraction change (∆n) was estimated, using Equation 5.28, to be 0.00312. From 





) values were determined. With a 9.74 μm waist size of the Ar
+
 
laser beam at the lens focus, the n1
`
 value was found to be -6.713 x 10
-6  





 value was calculated to be -0.0192 x 10
-10  




. This thermal 
nonlinear refraction for the AuNFG sample was based on the polynomial fitting curve in Figure 
5.44. 
 
Figure 5.43. Phase shift from the fitting curves of closed aperture Z-scan data for the AuNFG 
sample as a function of laser power. 
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Figure 5.44. Illustration of the change on the refractive index for the AuNFG sample as a 
dependent on Ar
+
 laser intensity; the red curve is the polynomial fitting function. 
From the experimental data of closed aperture Z-scan, the thermal nonlinear refraction of 
the AuNFG sample showed large enhancements of around five times compared to the NFG film 
because the gold nanorods produced localized heat around the graphene material. Add to that, the 
n2
`
value of the AuNFG film boosted as much as 8 times the nonlinear refraction of the reference 
NFG film. It was shown that gold nanoparticles deposition to graphene reduces its thermal 
conductivity due to the fact that the states density of flexural acoustic phonon (ZA) mode is 
continuously reduced, suggesting that reduction on the thermal conductivity is a result of ZA 
modes increasing suppression and photon lifetime reduction by phonon leakage among graphene 
and adjacent gold [139]. Also, phonon scattering at C-C and C-Au interfaces between supported 
and suspended areas decreases the average path of the phonons and further reduces the thermal 
n1
`= -0.6713 x 10-5 cm2/W 
n2
`= -0.0192 x 10-10 cm4/W2 
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conductivity. Thus, the improvement of the thermal nonlinearities for AuNFG is apparently due 
to the gold nanorods producing localized heating around the graphene material.  
5.3.5. Summary  
The thermal nonlinearities of graphene, gold nanorods, and gold nanorods deposited on 
graphene (NFG, AuNRs, and AuNFG) were investigated using the Z-scan method. The nonlinear 
absorption coefficient was measured first using the open aperture Z-scan measurements. Then 




) and the thermo-optic 
coefficient (dn/dT) were calculated. These Z-scan experimental results were found to be in good 
agreement with the theoretical model of a thermal thin lens. Thus, the nonlinear refraction and 
absorption were successfully evaluated for the studied samples (NFG, AuNRs, and AuNFG) 
using 514 nm laser wavelength, as shown below in Table 5.3.  
Table 5.3. Linear and nonlinear properties of NFG, AuNRs, and AuNFG samples at of 514 nm. 
Parameters       NFG Au-NFG AuNRs 
Linear Absorption (α) cm
-1
 2.27 E+4 2.97 E+4 0.126 E+3 
Linear Refractive Index (n
0
)  2.141 1.622 2.314 
Affective Thickness (Leff) nm 254 261 36 x 12 
Thermal Conductivity (κ) /K [138] 1495 1240 320 
Thermo-optic Coefficient (dn/dT) /K 2.091 x 10
-4                        
± 2.63E-5  
1.387 x 10




-5                  
± 8.33E-7 













-6              
± 2.37E-8 
-0.243 x 10
-12       
± 0.0038 E-12 
  -6.713 x 10
-6
             
± 3.12E-7 
-1.915 x 10
-12          
± 0.00643 E-12 
 -0.1 x 10
-9
             
± 1.65 E-11 
   -0.042 x 10
-16   
± 0.023E-16
 
Nonlinear Absorption Coefficient β (cm/W) 1.58 x 10
-2              
± 1.67 E-3 
2.602 x 10
-2              
± 2.76E-3 
2.15 x10
-5                   
 
± 3.19E-6 
Change in Refractive Index (∆n) 0.0897 0.0312 0.478x10
-3
 
The nonlinear research results were reasonable even though the nonlinear absorption  
stayed constant; however, the change in refractive index of all the studied materials, NFG, 
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AuNRs, and AuNFG, was not linear, which means that the nonlinear change was not due to 
thermal effects adding more energy. The refractive index change (∆n) would have a linear curve 
with the laser peak intensity (I0) if that change was just due to absorption. The nonlinear 
refractive index was directly related to temperature, which was directly related to the laser 
intensity.  
In the Z-scan technique, the refractive index depends on temperature, which leads to the 
nonlinear behavior. Thus, the profile of the laser intensity is different from the one of the spatial 
temperature because of the heat diffusion. In the laser heating case, the nonlinearity is related to 
the thermal conductivity (k) and to the thermo-optic coefficient (dn/dT), here T is the 
temperature and n is the linear refraction [104]. It assumes that the heat diffusion occurs in the 
radial direction that is in the right angle with  the z-axis, which helps to vary the temperature 
field spatially, not related to the local intensity. The refractive index is directly dependent on 
temperature, while the nonlinear refraction is nonlocally dependent on the light intensity. The 












      
 
CHAPTER 6: NONLINEATITY OF GRAPHENE OXIDE 
The investigation of graphene oxide, as derivative of graphene materials, has received 
much attention due to the unique physical and chemical properties and how they may be applied 
to modern technologies [142]. Principally, graphene oxide, a nonlinear material with sufficient 
loss in linear regime, has become critically significant to protect devices by controlling the 
transmission signals [142]. Particularly, the nonlinearity of graphene oxide has been extensively 
studied, including nonlinear refraction, optical limiting, and saturable absorption [142]. The goal 
of this part of the research was to study the thermal component of the optical nonlinearity of 
graphene materials functionalized with oxygen groups and gold nanorods attached. The previous 
experimental data of nonfunctionalized graphene (NFG) was compared with the functionalized 
graphene with and without gold nanorods (FG & AuFG).  
6.1. Material Characterization   
6.1.1 Atomic Force Microscopy (AFM)  
After the discovery of graphene, several techniques, such as Raman spectroscopy and 
AFM, have been established to confirm the existence of graphene and bilayer graphite. However, 
AFM method has reported high accuracy in defining the variation in the thickness of graphene 
layers up to one nanometer. It has been reported that the thickness measurements strongly 
depend on the feedback parameters used in AFM such as the set point of the amplitude as well as 
the amplitude of the tapping mode [143]. Atomic force microscopy (AFM) is the primary 
technique to measure the thickness of graphene and graphene oxide layers [130]. AFM images 
were taken for functionalized graphene (FG) with and without gold nanorods (AuNRs) at the 
center and at the edge with the glass substrates. 
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1. AFM Images of the FG Sample 
 In tapping mode, AFM images were first completed at the edge of the FG and AuFG 
films with the glass substrates to define the average thickness. Then, the height variations of 
these images were compared with the sample roughness at the center. Figure 6.1 represents the 
AFM image of the FG sample at the edge with the glass substrate. The image size is 30 x 30 
µm
2
, and the cross-section profile, blue curve, illustrates the height variation across this area 
from the sample. 
 
Figure 6.1. AFM image of functionalized graphene (FG) film with the thickness variation 
represented by the blue curve. 
 The thickness of the FG thin film sample could be defined by the height difference along 
this cross-section line in Figure 6.1 The average thickness of the FG sample was around 92 nm 
with ± 45 nm of RMS roughness as an error bar. The thickness of graphene layers are the same 
as that of the graphene oxide since a small number of C-O bonds still stayed on the reduced 
graphene oxide surface [143]. This suggests that the NFG sample was not uniformly deposited 
on the glass substrate as with the FG thin film. The height variation of the AuFG sample was 
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confirmed by taking an AFM image at the sample center, as is shown in Figure 6.2. The AFM 
image for the FG film shows smooth areas with clusters.  
 
Figure 6.2. AFM image of the FG thin film around the center acquired in a size of 40 x 40 µm
2
. 
2. AFM Images of the AuFG Sample  
Tapping mode AFM measurement was used to quantify the thickness of the 
functionalized graphite film with gold nanorods (AuFG). The blue curve on the right of Figure 
6.3 is the average height in nanometers of the AuFG film. The average thickness of the AuFG 
film could be defined by the step height difference along this line. Thus, the AuFG average 
thickness was around 101 nm with ± 50 nm of RMS roughness as an error bar. In the AFM 
image of the AuFG sample, illustrated in Figure 6.3, the gold nanorods appear like bright dots 
that slightly increased the film average thickness in comparison to the FG thickness of 92 nm. 
Also, the height variation of the AuFG sample was studied by taking an AFM image at the 
center, illustrated in Figure 6.4. The size of the AFM image was 40 x 40 µm
2
, and the height 
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variation of the AuFG sample at the center was in a good agreement with the previous data of the 
thickness at the edge. The FG and AuFG films looked more uniform compared to the NFG and 
AuNFG samples. 
 
Figure 6.3. Image of the AFM topography of the AuFG sample at the edge with the glass 




Figure 6.4. AFM image of the AuFG sample around the center. 
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6.1.2. Scanning Electron Microscopy (ESEM) 
The concentration of the gold nanorods on the functionalized graphene thin film sample 
was defined using the environmental scanning electron microscopy (ESEM) at low vacuum. The 
concentration of AuNRs in the FG thin film sample was about 0.36% by weight. The 
concentration of these AuNRs, an average diameter of 12 nm and length of 36 nm, was originally 
observed from ESEM image as illustrated in Figure 6.5. It showed a sufficient amount of AuNRs 
were covering the FG thin film sample.  
 
Figure 6.5. ESEM image of the AuFG sample demonstrating the AuNR cluster. 
There were approximately 200 nanorods in 400 x 400 µm
2 
area of the AuFG thin film 
sample, based on the ESEM image. These AuNRs were assumed to be 10% of the AuFG sample, 





 and an error bar of 6.1%.  
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6.2. Linear Optical Measurements 
The transmission, reflection, and absorption spectra of the FG and AuFG films were 
considered using a UV-Vis spectrophotometer at room temperature. Figure 6.6 illustrates the 
transmission spectra of the FG and AuFG thin film samples on glass substrates as well as the 
AuNRs sample in a deionized water solution. Particularly at the light wavelength of 514 nm, the 
transmission of the FG sample was around 41.17%, while it was about 29.32% for the AuFG 
sample because of the gold nanorods.  
 
Figure 6.6. Transmission spectra of the FG, AuFG, and AuNRs samples in spectral range 
between 200 and 1200 nm at room temperature. 
The FG film was more transparent than the NFG film, illustrated in Figure 5.13, due to 
C-O bonds. The transmittance spectra showed about 10% difference between the FG and AuFG; 
obviously, the AuNRs were the main cause of the difference. Also, the AuNRs transmission 
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spectrum demonstrated two plasmonic resonance valleys at 514 nm and 730 nm. Thus, there 
were little noticeable effects of the AuNRs plasmonic resonance on the AuFG thin film 
transmission spectra due to the AuNRs small concentration. 
The linear absorption spectra of all studied graphene thin film samples are presented in 
Figure 6.7. The promising results illustrate that the linear absorption coefficient of the FG thin 




, from Table 5.2, which approximately revealed 
43.9% absorbance at a wavelength of 514 nm. The linear absorption coefficient of the AuFG 




; a function of the light wavelength and is 
higher than the coefficient of the FG film.    
       
Figure 6.7. Linear absorption spectra of all research graphene samples on glass substrates as a 
function of wavelength. 
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As illustrated in Figure 5.23, the AuNRs have a strong plasmon resonance at 514 nm and 
730 nm. The plasmonic resonance of AuNRs was seen as a shoulder in the absorption data of the 
AuFG and AuNFG films at ~514 nm. However, the response at 730 nm was not clearly 
observable. 
6.3. Nonlinear Properties of the FG and AuFG Films 
 The thermal nonlinearities of graphene oxide with and without gold nanorods were 
investigated to understand the effects of oxygen and metal nanoparticles on enhancements of the 
graphene materials. Both open aperture and closed aperture Z-scan measurements were applied 
to extract the nonlinear absorption and refraction coefficients, using the nonlinearity data of the 
glass substrate as a reference. 
6.3.1. Open Aperture Z-Scan for FG and AuFG 
The two-photon absorption of the FG and AuFG samples was studied using 514 nm 
wavelength with the Z-scan system. This wavelength was roughly within the plasmon resonance 
peak. In open aperture measurements, the transmittance of the both FG and AuFG samples were 
achieved as the film was transferred passing the lens focus. Once the sample moved closer to the 
focus, the intensity of the beam became higher, thus, the nonlinear absorption increased, which 
was leading to a decrease in the transmittance around the focus.  
Figure 6.8 demonstrates the normalized transmittance curves of the FG sample versus the 
laser powers. Also, the normalized transmittance curves of the AuFG thin film versus the sample 
position at various applied input laser power are illustrated in Figure 6.9. A symmetric valley 
appeared at the focus (z = -0.6) implying the occurrence of the nonlinear absorption in the FG 
and AuFG samples, and that valley became increasingly deeper with increasing the laser power. 
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Figure 6.8. Open aperture experimental data for the FG sample at various laser power; the red 
curves represent the theoretical fitting model. 
           
Figure 6.9. Open aperture experimental data for the AuFG sample at different laser power. 
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The error bars based on the standard deviations, included in both figures, confirm the 
reliability of the experimental data of the open aperture Z-scan measurements. Also, open 
aperture Z-scan measurements for the glass substrate were carried out under the same 
experimental conditions to confirm that the detected thermal nonlinearity was because of the 
graphene thin film. 
The value of nonlinear absorption (β) was calculated based on Equation 5.23 after 
theoretically fitting all open experimental data using Equation 5.22, and extracting the values of 
the complex parameter (q0) at different input laser powers. The values of the nonlinear 
absorption coefficient (β) for the FG film as well as for the AuFG film were derived from the 
linear fitting to the data in Figure 6.10 and extracting the slope values. The β value for the FG 
film was calculated to be 8.75 x 10
-2
 ± 0.0014 cm/W, whereas for the AuFG film, β was  
12.8 x 10
-2
 ± 0.0015 cm/W at 514 nm wavelength. These results indicated that the main cause of 
the thermal nonlinear absorption enhancement of the AuFG sample was the presence of the gold 
nanorods on the FG thin film sample.  
 
Figure 6.10. Open aperture experimental fitting parameters for the FG and AuFG samples versus 
the laser intensity. 
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The open Z-scan experimental results show large enhancement in the nonlinear 
absorption of the AuFG film by 50% compared to that value for the FG film. As the laser 
intensity varied, the value of beta remained constant for both the FG and AuFG samples. 
Moreover, the enhancement of the nonlinear absorption of the FG film compared to the NFG 
film, illustrated in Figure 5.29, was because of the oxygen groups. As shown in Figure 6.9, the 
AuFG had the largest valley among the open aperture curves of all the investigated samples, 
which took advantage of oxygen-containing groups as well as the plasmonic resonance of the 
gold nanorods. Thus, the AuFG film demonstrated much better nonlinear properties, as large as 8 
times compared with the value for the NFG film. The AuFG energy band diagram explains the 
nonlinear absorption, depicted in Figure 6.11.  
 
Figure 6.11. Energy band diagram (EBD) of the AuFG thin film sample under laser irradiation. 
Duplicated from [29]. 
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The FG material contains sp
3
 matrix of oxygen group and sp
2
 matrix of graphene while 
gold nanorods are generally attached to the FG sample through the oxygen containing groups 
[29]. Using the first-principle calculation, Subrahmanyam et al. illustrated that the metal 
intermediate energy states extend up to the GO conduction band in the nanocomposite case of 
metal-graphene [29]. In the present research, the linear absorbance peak of gold nanorods was 
occurred at around 500 nm, thus as the AuFG thin film was irradiated with the laser Ar
+
 laser at 
514 nm wavelength, close to the wavelength of the surface plasmonic resonance. Two photon 
absorption transitions may occur. The achieved value of β for the FG sample matched very well 
with that reported value for fresh graphene oxide of about 4.177 x 10
-3
 cm/W [138]. The optical 
nonlinear absorption coefficient of graphene oxide (GO) was stated in reference [144] to be 5.4 
cm/GW. 
6.3.2. Closed Aperture Z-Scan for FG and AuFG Samples 
To evaluate the nonlinear refraction, closed aperture Z-scan measurements were 
accomplished for the FG and AuFG samples as functions of input laser power. The experimental 
results for the FG and AuFG films are respectively shown in Figure 6.12 and Figure 6.13. The 
closed aperture data in Z-scan measurements was divided by the data of the open aperture scans, 
and then the normalized transmittance data was plotted as a function of the sample normalized 
position (z/z0). All experimental curves demonstrated an asymmetric peak-valley pattern, which 
directly indicated a negative nonlinear refraction (n2 < 0), self-defocusing behavior. 
The thermo-lensing model explained well the Z-scan behavior of the FG and AuFG 
samples. The value of the phase shift, obtained from fitting Equation 5.26, was linearly 
dependent on the laser power, as illustrated in Figure 6.14. The thermally induced phase shift (θ) 
and, thus, the thermo-optic coefficient (dn/dT) were not constant values. 
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Figure 6.12. Experimental data of the closed aperture Z-scan for the FG sample at different 
applied laser power. 
 
Figure 6.13. Illustration of the closed aperture experimental data (normalized transmittance as a 
function of the AuFG position) at various laser power. 
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The θ and dn/dT values depended on the laser intensity and the intrinsic parameters of the 
material, such as thermal conductivity (k). This equation was previously determined as: 






                                                          (Equation 5.27) 
 
Figure 6.14. Phase shift through the FG and AuFG samples versus laser power. 
It clearly suggested, from the observed linear dependences of ΔTp-v on the laser powers, 
that thermal induced properties had a significant impact on the data of the Z-scan measurements. 
In non-negligible case of the linear absorption, the temperature of the material raised creating a 
thermal lens where the material refraction depended on the temperature (dn/dT ≠ 0). Therefore, 
this produced thermal lensing had a significant contribution on the transmittance signal at the far 
field besides the nonlinear response of the material. The effects of thermal lensing depended on 




      
 
For this experiment, the heating of the film was assumed to be circularly symmetric with 
the Gaussian profile of the laser beam intensity being the source of heat. Using the continuous 
wave nature of the beam, the film achieved a stable, steady state temperature distribution within 
the profile of the laser. Therefore, the nonlinear properties of both the AuNRs and the film 
changed throughout that distribution, affecting the propagation of the light beam itself. 
For example, the phase shift value for the FG sample was determined to be 0.00599 and 
that gave a value of thermo-optic coefficient (dn/dT) of 8.23 x 10
-5 
/K using Equation 5.27. This   
value was comparable to the dn/dT reported value for GO of -0.45 x 10
-4
 /K in reference [145]. 
Thus, the change in the refractive index for FG was estimated to be 1.12 x 10
-2
 based on 
Equation 5.28. After that, changes in refractive index for the FG and AuFG samples as functions 
of input laser intensity were illustrated in Figure 6.15.  
 
Figure 6.15. Refraction change in the FG and AuFG samples versus laser intensity. 
According to Equation 5.28, the data in Figure 6.15 was fitted to a polynomial of second 
order. From this fit, the coefficient of the second order term was related to the refractive index. 
 
n1
`= -0.533 x 10-7 cm2/W 
n2




`= -0.292 x 10-6 cm2/W 
n2




      
 
This fitting resulted in a value of -0.533 x10
-7
 ± 0.0166 E-8 cm
2
/W and -2.92 x 10
-7
 ± 0.0314 E-8 
cm
2
/W for the nonlinear refractive index of the FG and AuFG films, respectively. The AuFG 
boosted the nonlinear refraction as much as five times that of the reference FG film. Moreover, 
gold nanorods gave significant enhancement in the n2
`
 value for AuFG that is much larger, 
around 13 times the value of the host material (the FG film). In the current state of the art, the 
optical nonlinear refraction for graphene oxide and graphene oxide with gold nanoparticles were 








/W, respectively, using pulse lasers [146]. 
The obtained results for n2 is higher by two orders of magnitude due to the thermal effects of 
using a continuous wave laser. Incorporation of gold nanoparticles was reported to improve the 
nonlinearity of graphene oxide.  
The practical asymmetric behavior of the closed aperture data, in addition to the fact that 
the laser was a continuous wave light source, implied that the source of nonlinear refraction was 
due to thermo-optic effects. To conclude, the linear and nonlinear parameters for the FG and 
AuFG thin film samples are given in Table 6.1.  
The nonlinear results of the AuFG thin film sample were interesting due to the 
advantageous properties of both the oxygen groups and the gold nanorods. The strong interaction 
between the graphene oxide and the functionalizing materials gave the nonlinear enhancements 
[142]. In this study [142], the nonlinearity of graphene oxide materials with gold nanoparticles at 
different concentrations were considered using the Z-scan system. The nonlinear refraction (n2) 
for all studied graphene samples was related to thermal nonlinearities, using cw laser, caused by 
the material absorption of the incident beam. This resulted in a heat accumulation through 
nonradiative decay from excited levels, where the transverse gradient of the material temperature 
occurred because of the thermo-optical coefficient (dn/dT). The produced gradient of the 
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refraction formed a thermal lens, a lens-like optical element, in Z-scan that resulted in the beam 
phase distortion at the far field of propagation.  
Table 6.1. Linear and nonlinear parameters of the FG and AuFG thin film samples at a 







   
 
6.4. Optical Limiting 
Optical limiting is associated with photoacoustic measurments that allows differentiating 
the absorption contribution as well as choosing the ideal system. This nonlinear behavior system 
should have greater linear transmittance and lower threshold [8], [147]. The open aperture Z-
scan system was performed to study the optical limiting of nonfunctionalized graphene samples 
with and without gold nanorods. Optical power limiting measurements of all research graphene 
samples − NFG, AuNFG, FG, and AuFG − as well as the AuNRs sample were run by fixing the 
sample at the lens focus position in the open aperture Z-scan experimental system and then 
measuring the transmittance far way. The experimental setup of the Z-scan system was 
illustrated in Figure 5.27. The input power of the Ar
+
 laser beam was controlled  using a set of 
two polarizers, one to adjust the input power and the other to keep the laser polarization direction 
the same. Then, the change in the output power, transmitted light through the sample, was the at 
Parameters FG AuFG 
Linear Absorption (α) cm
-1
 4.39 E+4 4.85 E+4 
Linear Refractive Index (n
0
)  1.85 2.36 
Affective Thickness (Leff ) nm 92 101 
Thermal Conductivity (κ) W/m.K [37] 28.8 17.28 
Thermo-Optic Coefficient  /K 0.823 x10
-6                      
± 7.88 E-5 
1.55 x 10
-6
               
± 1.402E-4 













- 0.533 x 10
-7          
± 1.66 E-10 
- 0.0121 x 10
-14     
± 0.0249 E-16 
- 2.92 x 10
-7                   
± 3.14E-10 
- 0.154 x 10
-14               
± 0.0591E-14 
Nonlinear Absorption Coefficient β (cm/W) 8.75 x 10




                         
± 0.0015 
Change in Refractive Index (∆n) 0.0012 0.0496 
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far distance from the focus of a lens, using a power meter.  
Figure 6.16 illustrates the optical power limiting phenomena for the NFG, AuNFG, and 
AuNRs samples under cw Ar
+ 
laser illumination at 514 nm wavelength. The output intensity 
increased as the input increased indicating linear absorption. As the intensity was increased, a 
weak saturation absorption followed by a decrease could be seen, indicating the behavior of 
optical limiting.  
 
Figure 6.16. Optical power limiting of the AuNRs, NFG, and AuNFG samples. 
The optical limiting threshold power for the NFG sample was found to be around 500 
mW while it was around 450 mW for the AuNFG sample. Gold nanorods were strong in the 
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nonlinear optical regime. The resulting data indicated that the graphene sample exhibited a good 
optical power limiting behavior, which increased when depositing the sample with gold 
nanorods. The strong enhancement on the AuNFG thin film sample was related to the energy 
interaction between NFG and AuNRs, which caused the saturated intensity of the AuNFG 
sample to be lower than that of the NFG sample. At 514 nm wavelength, the observed behavior 
of the AuNFG sample could be explained because of the plasmonic resonance of AuNRs and the 
combined effects of nonfunctionalized graphene (NFG). 
In addition, the optical limiting behavior of functionalized graphene thin film without and 
with gold nanorods (FG and AuFG) were studied using the open aperture Z-scan system. Figure 
6.17 shows the output power of the Ar
+
 laser through the FG and AuNFG sample as a function of 
input power, ranging from 10 to 800 mW. The output power increased initially as the input 
power of the incident laser increased, but the output power started to be almost constant after a 
definite threshold value. The saturated output power value, at which limiting happens, for the FG 
sample was smaller than that value for the AuFG sample. The saturated value decreased with 
increasing deposited gold nanorods, which increased the nonlinear effects in the FG sample. This 
result indicated that gold nanorods played a significant role in the optical limiting effects. 
The limiting behavior in all the research graphene samples was mostly attributed to 
nonlinear absorption. These nonlinearities were mainly thermal effects since using the cw Ar
+
 
laser beam to pump the samples. This meant that the threshold intensities for nonfunctionalized 
and functionalized graphene were higher with gold nanorods. The metallic plasmonic transition 
influenced the nonlinearity of the AuNFG sample at 514 nm. Optical power limiting is a direct 
measurement related to the capability of graphene materials to be used in eye protection systems. 
The optical limiting study illustrated that the composite of nonfunctionalized and functionalized 
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graphene materials with gold nanorods are stable to be used in applications with high threshold 
intensities [53]. This technology will pave the way for more accurate, efficient, and low cost 
devices for people across the world [3].  
 





      
 
CHAPTER 7:  CONCLUSION & FUTURE WORK  
The growing accessibility of nanostructured materials with extremely precise thermal 
nonlinear properties has produced extensive attention in diverse applications like bimolecular 
and chemical sensing, photonics devices, cooling systems, and photo-thermal therapy [120]. The 
nonlinearity properties of the BBO crystal were examined using the Z-scan method with cw Ar
+
 
laser at 457 nm wavelength. The BBO crystal was used to study and understand the Z-scan 
system and its requirements and limitations, so these could be easily adjusted using another 
material in the system to study its nonlinearity. The experimental results confirmed the accuracy 
and the effectiveness of the built Z-scan system to measure thermal nonlinear properties of the 
target research samples, graphene. Graphene has better nonlinearity than BBO as could be seen 
using a cw laser, so there was no need to use a pulsed laser.  
In this dissertation, the results of the experimental investigation of thermal nonlinear 
properties of graphene based materials, including nonfunctionalized and functionalized graphene 
materials without and with gold nanorods (NFG, AuNFG, FG, and AuFG) have been presented.  
The nonlinearity was investigated using the Z-scan system with an Ar
+
 laser beam tuned at a 
wavelength of 514 nm in a cw regime, that was in resonance with gold nanorods. The nature of 
self-defocusing and nonlinear thermal parameters was confirmed and compared with other 
systems. Graphene has a negative nonlinear refraction. The research results conclude that a huge 
thermal nonlinearity of graphene film was enhanced by the presence of gold nanorods. Gold 
nanorods enhanced the nonlinear absorption of the NFG and FG sample by 50%. It was a really 
large enhancement where, for example, the β value of the AuNFG sample was not the sum of β 
value for NFG and β value for AuNRs. β (AuNFG) was larger than β(NFG) +  β(AuNRs). 
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 The studied material consisted of  graphene flakes and AuNRs with average size of       
36 nm x 12 nm with 1:9 ratio of concentration. It  was observed that the AuNFG film presented a  




/W. This value was 
about five times larger than the nonlinear refraction of the host material (NFG) and much larger 
(4 orders of magnitude) than that for AuNRs. Also, there was enormous enhancement in the 
thermo-optic coefficient of AuNFG film owing to the presence of AuNRs in the graphene 
material.  
It was also observed that the gold nanorods increased the thermal nonlinear refraction of 
the AuFG film by a factor of five. These results highlight the important role of the gold nanorods 
and oxygen groups. Thus, the main output result of this research is gaining full understanding of 
the effects of the oxygen groups and gold nanorods on the nonlinearity of graphene materials by 
using the Z-scan technique, which will help further a great revolution in the nonlinear fields. The 
main conclusion is that the capability of graphene to be used as excellent heat spreader increases 
as the temperature increases because the thermal nonlinearity of graphene increases linearly with 
applied laser power. Also, looking at the nonlinear optical properties of graphene using pulsed 
lasers, the change of refractive index due to the thermal effects (heat) must be taken in account.  
The distinguishable properties of graphene materials open promising applications to be 
applied in various intriguing fields such as environmental pollution management, cooling 
system, drug delivery, energy storage, and electronic devices [4], [120]. It has usually been 
considered that the nonlinear optical responses and exceptional properties of third order 
susceptibility materials are the promising candidates in photonic applications such as optical data 
storage, optical limiting, information processing, and optical communication. Adding to the fast 
NLO response, excellent mechanical stability, great optical quality, low losses at the  
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wavelengths of interest as well as low cost and simple preparation, are the main demands of 
optical materials [2], [3]. 
In future studies, the obtained nonlinear thermal properties of graphene samples, using 
the Z-scan system with the cw laser, could be compared with the nonlinear optical properties 
using a pulsed laser excitation at different laser wavelengths. In addition, the effect of gold 
nanorods in enhancing the graphene nonlinearities could be investigated in resonance and out of 
resonance with AuNRs. In addition, the current Z-scan system can be improved to be more 
accurate and reliable through controlling the detector and the translation stage by a computer. 
The software to control the equipment could be implemented in LBA VIEW to provide a simple 
connection to communicate with various hardware. The translation stage could be controlled via 
a GPIB interface and the power meter could be connected via a RS-232 interface.  
Moreover, the Z-scan setup could be constructed with an optically pumped parametric 
oscillator (OPPO), which could be pumped through using a pulsed laser such as Nd:Yag laser. 
The main advantage of using OPPO is that wavelengths could be easily controlled in a very wide 
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Appendix A.   Plasma Oscillations 
Paul Drude proposed the simplest and most effective model to describe the response of 
metal particles irradiated by an electromagnetic field [A1]. Classically, the electron dynamic in a 
metal was adopted by Drude and obtained the motion equation of a damped oscillator. Here, the 
electrons move between relatively immobile and heavier background ions.  
 Drude-Sommer Field Model of a Free-Electron Gas 
The dynamic of one single electron was described by Drude in the following equation. 
This could be generalized to describe many particles by just summation over many electrons 
later on [A1]. 







−iωt                                         (Equation A.1) 
Here phenomenological damping term is γd, the effective mass of free electron is 𝑚𝑒, free 
electron charge is e and, respectively, the amplitude and the frequency of the applied EM field 
are E0 and ω. The ansatz r(t) =  r0e
−iωt used to solve Equation A.1, results in: 




 E0                                                   (Equation A.2) 
Assuming that the macroscopic polarization is given via a summation over charges times 
displacement (r0) to obtain:  




) E                              (Equation A.3) 
Finally, for metals the Drude dielectric function could be written as: 
                                                 
ϵd(ω)
ϵ0




                                              (Equation A.4) 
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                                                   ωp = √
nee2
ϵ0me
                                                           (Equation A.5) 
Here ϵ∞ is the ionic background in a metal, 𝜖0 is vacuum permittivity, and ωp is the volume or 




2 and rs is the average electron 
distance, about 0.159 nm for gold) [A2]. Neglecting γd and ϵ∞, the Drude dielectric form could 




. Where ϵd is positive and n =  √
ϵd
ϵ0
 with ω > ωp, while ϵd is negative 
and n is imaginary with ω > ωp. 
Reference:  
[A1] A. Trügler, Optical Properties of Metallic Nanoparticles: Basic Principles and 
Simulation. Springer, pp. 57– 63, 2016. 
[A2] B. Palpant, Y. Guillet, M. Rashidi-Huyeh, and D. Prot, “Gold nanoparticle assemblies: 
Interplay between thermal effects and optical response,” ArXiv08042739 Cond-Mat 










      
 




      
 
 
Appendix C.   Calibration of Hamamatsu CCD Camera  
C.1. Using HeNe laser with OD = 3 
1. Using 75 μm pinhole to get the beam profile for HeNe laser (633 nm) with OD = 3. 




Gaussian Fitting For HeNe Laser 
General model: 
f(x,y) = a*exp(-((x-x0).^2/2*sigmax^2 + (y-y0).^2/2*sigmay^2)) 
Coefficients (with 95% confidence bounds):  
a = 0.3401 (0.3313, 0.349) 
sigmax = 129 (125.6, 132.4) 
sigmay = 129.6 (126.2, 133.1) 
x0 = 0.1709 (0.1707, 0.1711) 
y0 = 0.1509  (0.1507, 0.1511) 
Goodness of fit: 
SSE: 0.2053 
R-square: 0.9289 
Adjusted R-square: 0.9283 
RMSE: 0.0217 
 
Based on the equation (3D Gaussian function), the maximum power, the x and y width, and the 
diameter of the HeNe laser are given. 
Pmax = a = 0.3401 μW  
1/σx  = 129 inch, σx = 0.373 mm    
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 1/σy = 129.6 inch, σy = 0.3715 mm 
The HeNe laser diameter = 0.745 mm 
2. Taking a nice uniform Gaussian image for HeNe laser with OD = 3 by using Hamamatsu CCD 
Camera. 
 
3. Finding the converting factors between the software reading and the pinhole measurement 
(considered the real value) for HeNe laser with OD = 3 
 Power Converting Factor 
 Make the correspondence between the total power of HeNe laser with OD = 3 in the 
(75μm) pinhole measurement and the software reading. 
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18.58 μW                        1371303 arb. unit 
18.58 μW total power of HeNe laser in reality correspond to1371303 total power in the software 
reading of Hamamatsu CCD camera. Thus, the power conversion factor C(P) was sound as: 
            C(P) = (18.58 μW)/ (1371303 arb. unit) = 0.000014 μW/ arb. unit 
This means each arbitrary unit in the software is equal to 0.000014 μW power.  
 Dimension Converting Factor 
 Make the correlation between the width x of the HeNe laser with OD = 3 from the 
pinhole (75 μm) measurement, which is considered as a standard value, and the software (LBA) 
reading of Hamamatsu CCD camera. The laser parameters from the pinhole measurement are 
found by fitting the beam profile data (p vs x, y) with Gaussian function in two dimensions using 
Matlab.  
2 x 0.373 mm                       742 um, 0.746 mm of the laser width in the x direction was 
corresponded to 742 um in the software, so C(x) = 0.0010 mm/um. 
Each 1 um of the width x in the software is equal to 0.001 mm, and that is almost the same when 
using width y or laser width to find the dimensional conversion factor. 
2 x 0.3715 mm                      812 um, so C(y) = 0.00092 mm/um 
0.745 mm                      777 um, so C = 0.00095 mm/um 
C.2. Using HeNe laser with OD = 3.2 
1. Using 75 μm pinhole to get the beam profile for HeNe laser (633 nm) with OD = 3.2. The total 
power of HeNe laser without the pinhole was 11.58 μW. 
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2. Fit the pinhole data with Gaussian function. 
 
3. The extract parameters of the HeNe laser from Matlab. 
General model: 
     F (x, y) = a*exp(-(((x-x0).^2/(2*sigmax^2))+((y-y0).^2/(2*sigmay^2)))) 
Coefficients (with 95% confidence bounds): 
       a = 0.2236 (0.2205, 0.2268) 
       sigmax = 0.007329 (0.00722, 0.007438) 
       sigmay = 0.007599 (0.007492, 0.007706) 
       x0 = 0.2919 (0.2918, 0.292) 
       y0 = 0.1911 (0.191, 0.1912) 
Goodness of fit: 
 
220 
      
 
  SSE: 0.01822 
  R-square: 0.9827 
  Adjusted R-square: 0.9825 
  RMSE: 0.007419 
4. Based on the equation (3D Gaussian function), the maximum power, the x and y width, and 
the diameter of the HeNe laser are given. 
Pmax = a = 0.2236 μW  
σx  = 0.007329 inch = 0.186 mm 
 σy = 0.007599 inch = 0.193 mm 
The HeNe laser diameter = 0.379 mm 
5. Taking a nice uniform Gaussian image for HeNe laser with OD = 3.2 by using Hamamatsu 
CCD Camera. 
 
   
6. Finding the converting factors between the software reading and the pinhole measurement 
(considered the real value) for HeNe laser with OD = 3.2. 
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 Power Converting factor 
 Make the correspondence between the total power of HeNe laser with OD=3.2 in the 
(75μm) pinhole measurement and the software reading. 
11.58 μW                        973361 arb. unit 
11.58 μW total power of HeNe laser in reality corresponded to 973361 total power in the 
software reading of Hamamatsu CCD camera. Thus, the power conversion factor C(P) was found 
as (11.58 μW)/(973361 arb. unit) equal to 0.0000119 μW/ arb. unit. 
 This means each arbitrary unit in the software was equal to 0.0000119 μW power.  
 Dimension Converting Factor 
 Make the correlation between the width x of the HeNe laser with OD = 3.2 from the 
pinhole (75 μm) measurement, which was considered as a standard value, and the software (LBA 
Pc) reading of Hamamatsu CCD camera. The laser parameters from the pinhole measurement 
were found by fitting the beam profile data (p vs x, y) with a Gaussian function in two 
dimensions using Matlab.  
2 x 0.186 mm                       742 um, 0.372 mm of the laser width in the x direction corresponded 
to 742 um in the software, so C(x) = 0.0005 mm/um 
 Each 1 um of the width x in the software was equal to 0.0005 mm, and that was almost 
same when using width y or laser width to find the dimensional conversion factor. 
2 x 0.193 mm                      812 um, so C(y) = 0.00048 mm/um 
0.379 mm                      777 um, so C = 0.00049 mm/um 
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C.3. Using HeNe laser with OD = 3.6 
1. Using 75 μm pinhole to get the beam profile for HeNe laser (633 nm) with OD = 3.6. 
The total power of HeNe laser with OD = 3.6 without the pinhole = 4.255μW. 
 
2. Fit the pinhole data with Gaussian function. 
 
3. The extract parameters of the HeNe laser from Matlab. 
General model: 
     f (x,y) = a*exp(-(((x-x0).^2/(2*sigmax^2))+((y-y0).^2/(2*sigmay^2)))) 
Coefficients (with 95% confidence bounds): 
       a = 0.08095 (0.07907, 0.08282) 
       sigmax = 0.008845 (0.008607, 0.009084) 
       sigmay = 0.009115 (0.0089, 0.009331) 
       x0 = 0.2805 (0.2803, 0.2807) 
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       y0 = 0.2447 (0.2445, 0.2449) 
Goodness of fit: 
  SSE: 0.00832 
  R-square: 0.936 
  Adjusted R-square: 0.9351 
  RMSE: 0.005139 
4. Based on the equation (3D Gaussian function), the maximum power, the x and y width, and 
the diameter of the HeNe laser. 
Pmax = a = 0.081 μW  
σx  = 0.008845 inch = 0.2246 mm 
σy = 0.009115 inch = 0.232 mm 
The HeNe laser diameter = 0.456 mm 





      
 
6. Extract the data corresponding to the image from the software (LBA), and using Matlab to fit 
the image data with quadratic function because the power level is in log scale. 
7. General model: 
     f(x,y) = lna -(((x-x0).^2/(2*sigmax.^2) + (y-y0).^2/(2*sigmay.^2))) 
Coefficients (with 95% confidence bounds): 
       lna = 727.3 (719.7, 734.8) 
       sigmax = 1.069 (1.056, 1.083) 
       sigmay = 1.196 (1.185, 1.207) 
       x0 = 38.26 (38.03, 38.5) 
       y0 = 45.94 (45.72, 46.16) 
Goodness of fit: 
  SSE: 1.825e+008 
  R-square: 0.7346 
  Adjusted R-square: 0.7345 
  RMSE: 167.2 
 
 
8. Compare these parameters with the natural log for 2D Gaussian function. 
ln a = 727.3 color level                       a = Pmax = 1977.01 color level 
σx  = 1.069 um ,  σy = 1.196 um , the laser diameter = 1.1325 um 
9. Finding the conversion factors between the software reading and the pinhole measurement 
(considered the real value) for HeNe laser with OD = 3.6. 
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 Power Converting Factor 
 Make the correspondence between the total power of HeNe laser with OD = 3.6 in the 
(75μm) pinhole measurement and the software reading. 
4.255 μW                        488043 arb. unit 
4.255 μW total power of HeNe laser in reality corresponded to 488043 total power in the 
software reading of Hamamatsu CCD camera. Thus, the power conversion factor was found as: 
C(P) = (4.255 μW)/ (488048 arb. unit) = 0.0000087μW/ arb. unit 
This means each arbitrary unit in the software was equal to 0.000004 μW power.  
 Dimension Converting Factor 
Make the correlation between the width x of the HeNe laser with OD = 3.6 from the 
pinhole (75μm) measurement, which was considered as a standard value, and the software 
reading of Hamamatsu CCD camera. The laser parameters from the pinhole measurement were 
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found by fitting the beam profile data (p vs x, y) with Gaussian function in two dimensions using 
Matlab.  
2 x 0.2246 mm                    728 um, 0.4492 mm of the laser width in the x direction 
corresponded to 742 um in the software, so C (x) = 0.00062 mm/um. 
Each 1 um of the width x in the software is equal to 0.0006 mm, and that is almost same when 
using width y or laser width to find the dimensional conversion factor. 
2 x 0.232 mm                      784 um, so C (y) = 0.00059 mm/um 



























      
 
Appendix D.   ABCD Matrix of Gaussian Beam Propagation Through Kerr Media 
The linear polarized electric field (E) is sinusoidal varied in z-axis as the following 
expression [D1]: 
                                      E = 1 2⁄ {u exp[iωt − kz] + c. c}                                        (Equation D.1) 
Here ω is the angular frequency, t is the time, k is the wave number, c. c is constant, and u is the 
amplitude of the complex field that varies with z. The Kerr medium is defined as a function of an 
intensity dependent refractive index n as given by:  




2                                                      (Equation D.2) 
Thus, the propagation of the light beam is expressed by: 






|u2|u = 0                                           (Equation D.3) 
 Also, the complex beam field can be defined as: 










2R⁄ ) + iφ]                                (Equation D.4) 
Here w is the beam spot size, r is the distance from z-axis, R is the curvature radius, and φ is the 
laser phase shift. After passing the Kerr lens medium, the beam parameters will be written as 
[D1]: 












)                                        (Equation D.5) 
 Also, the beam radius, curvature, and phase shift are expressed as: 











)]                                      (Equation D.6) 
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)]                            (Equation D.7) 

















)]        (Equation D.8) 
Here the critical power is given by: 




                                                     (Equation D.9) 
 Therefore, the ABCD matrix of the Kerr media is given by [D1]: 





1 )                                               (Equation D.10) 
Here de = d/n0 is the effective thickness of the medium for P = 0, and γ is the strength 
nonlinearity and should be less than one, expressed as: 















                                              (Equation D.11) 
Here wc is the beam size at the material center and w0 is the beam size at the beam waist, 
calculated at p/pc= 0. In particular wc = w0 as the beam waist (w0) is in the material center, so 
                                       wc = w0 = √
λde
2π⁄                                                        (Equation D.12) 
Reference:  
[D1] V. Magni, G. Cerullo, and S. De Silvestri, “ABCD matrix analysis of propagation of 






      
 
Appendix E.   Theoretical Model of Metallic Heat 
As gold nanoparticles (GNPs) get excited with the right wavelength of light beam, 
electrons on the conduction band begin to coherently oscillate with the EM field of the incident 
light [E1]. The result of this phenomenon is a strong absorption, known as localized plasmonic 
resonance (LPR). LPR is reasonable for heat generation. In the lack of phase transitions, it is 
essential to explain the equation of heat transfer, Equation D.1, to calculate the temperature 
around gold nanoparticles. This equation derives from the addition of the heat energy balance 
(thermal energy net rate from the GNPs), and the thermal energy accumulation rate (the 
variations of the GNP internal energy) has to be equivalent to the total rate of thermal energy 
production [E1].  
                                ∇. (−k(r)∇T(r, t)) +  ρ(r)c(r)
∂T(r,t)
∂t
= Q(r, t)                         (Equation E.1) 
The spatial and time coordinates are r and t, the local temperature is T(r, t), the thermal 
conductivity is k(r), the mass density is ρ(r), and the specific heat is c(r). In addition, Q(r, t) 
represents the energy source that comes from the dissipated energy inside GNPs. At the thermal 
stability, Equation (E.1) is solved with careful consideration, including the heat generation (Q) at 
a constant rate per unit of time and volume inside NP, distance 0 ≤ r ≤ RNP, conductivity k0, 
and nanoparticle radius RNp, while kII is the thermal conductivity of the surrounding material at 
the region of r > RNP where there is no production of heat [E1]. Therefore, the variation in 
temperature based on the calculation result is given as:  




                                                       (Equation E.2) 
Here Q is the thermal energy production, which is written as: 
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                                       (Equation E.3) 
Also, Q is a function of the current density J(r, t),  the temporal average 〈…〉, the vacuum 
dielectric permittivity (ε0), the light angular frequency (ω), the electrical field inside GNPs 
(Eint), and on the imaginary part of dielectric permeability 𝔍[𝒳NP], describing GNP energy 
dissipation [E1]. The electrical field inside the gold nanoparticles (Eint) is accurately expressed 
through the Mie theory [E2]. However, because the average size of the proposed gold nanorods 
(D = 12 nm, L = 36 nm) was considerably smaller than the excitation laser wavelength (λ = 514 
nm), circumstances in this study allow the quasi-static expression to be derived as:  
                                                  Eint = 
3εH
2εH+εNP
E0                                                    (Equation E.4) 
Here GNRs dialectic permittivity is  εNP , the dielectric permittivity of the surrounding material 
is (εH), and the amplitude of the applied electric field is (E0).  Then, the GNRs resonance 
corresponds to the maximum generation of thermal energy with a temperature deviation as stated 
by : 










I0                                               (E.5) 
 The AuNRs volume is VNP, the distance between nanorods is r, the light wavelength is λ 
and I0 is the incident light intensity [E3]. For example, Equation D.5 could be utilized to 
calculate the temperature changes around AuNRs in water under optical radiation, assuming that 
the refractive index is not affected by temperature changes. For AuNRs, applied resonant light 
radiation induces an electrical current because of the LPR onset and then the joule heating effects 
generates an increase in AuNRs temperature which consequently cools down via the heat 
exchange with the host material (graphene), affecting the temperature variation of the AuNRs.  
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 Thermal Conductivity of Metallic Nanoparticles 
The thermal conductivity (kb) of bulk metals expression is explained by the kinetic theory 
as:  
                               κb(T)   = (
1
3
) ρνFCv,eλe,b                                                (Equation E.6) 
The electron mass per unit volume is ρ, specific heat of electrons is Cv,e , the Fermi velocity is 
νF, and electron mean free path in the bulk material is λe,b [E3]. Substituting Fermi velocity and 
electronic specific heat, the thermal conductivity relationship can be given as: 




                                                         (Equation E.7) 
Here, respectively, ne and me are the number of free electrons per atom and the electron mass. 
The value of those parameters for gold at room temperature is given in Table D.1 bellow [E3]. 
Table E.1. Thermo physical properties of water and gold, taken from [E4]. 
 
Reference:  
[E1] L. Pezzi et al., “Photo-thermal effects in gold nanoparticles dispersed in thermotropic 
nematic liquid crystals,” Phys Chem Chem Phys, vol. 17, no. 31, pp. 20281–20287, 2015. 
[E2] G. Mie, “Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen,” Ann. 
Phys., vol. 330, no. 3, pp. 377–445, Jan. 1908. 
[E3] P. Warrier and A. Teja, “Effect of particle size on the thermal conductivity of nanofluids 









) 𝛌𝐞,𝐛 (nm) 
Gold 315 5.5 5.9 36.14 
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[E4] O. Ekici, R. K. Harrison, N. J. Durr, D. S. Eversole, M. Lee, and A. Ben-Yakar, “Thermal 
analysis of gold nanorods heated with femtosecond laser pulses,” J. Phys. Appl. Phys., vol. 









      
 




      
 
Appendix G:   Description of Research for Popular Publication 
Measuring Nonlinear Properties of Graphene Thin Film Materials using the Z-Scan 
Technique 
By: Thekrayat Al Abdulaal 
Mrs. Thekrayat Al Abdulaal is a 2010 graduate of the King Faisal University in Saudi 
Arabia with a M.S. in theoretical physics. In Spring 2012, she came full of excitement in science 
to join the University of Arkansas at Fayetteville, Arkansas to complete her Ph.D. in 
Nanotechnology in the Microelectronics-Photonics graduate program. Thekrayat felt very 
fortunate to have the opportunity to work as a graduate student under Dr. Gregory Salamo, one 
of the Nano building founders and to someone who has a lot of successful experience dealing 
with optics. Dr. Salamo nicely welcomed her in his labs to explore to her Ph.D. research and 
meet the requirements to gain her degree. 
Do you know that the nonlinear behavior of nano materials plays significant role in fast 
optical communication, cooling system, biomolecular and chemical sensing, photo-thermal 
therapy, and photonics devices? So what are nonlinear materials, and what is nonlinear behavior? 
Simply, nanomaterials are mediums with thickness in the nanometer range (ten million times 
smaller than a centimeter). WOW! Too small to imagine. The nonlinear study investigates how 
these materials interact with high intensity laser light, which might affect their properties at the 
nano scale. Currently, generated heat is the main problem that adversely affects the life of power 
devices. No problem with two-dimensional (2D) materials. Particularly, the goal of this work 
was to investigate graphene materials as a great solution to manage the produced thermal heat 
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and cool electronic devices. Mrs. Al Abdulaal says, “This research will have a large impact on 
the green society by increasing the lifetime of electronic devices.”   
During the last five years, Mrs. Thekrayat, under Dr. Salamo’s guidance, has been 
working to build an easy, effective, and simple system to measure the thermal nonlinear 
properties for any kind of medium. This system is known as the Z-scan technique. Also, she 
learned how to use high tech instruments, such as UV-vis spectroscopy, Raman spectroscopy, 
atomic force microscopy (AFM) and scanning electron microscopy (SEM), to optically study  
the nanomaterial surfaces. The focus of this research was optically measuring the nonlinear 
thermal properties, including nonlinear refractive index (n2), nonlinear absorption coefficient (β), 
and thermo-optical linear and nonlinear coefficient (dn/dT). Those parameters changed with the 
laser power and temperature.  
In the Z-scan system, a continuous wave (cw) of an Argon ion (Ar
+
) laser beam was 
utilized to excite the material. As the laser beam interacted with the material, part of the laser 
thermal energy was absorbed by the material, resulting in heat around the material. This heat 
affected the properties of the material in the nanoscale regime. The material was scanned in the 
laser path, which was tightly focused using a lens. Principally, the material experiences different 
input power at each position. After that, the transmitted signal of the laser, passing through the 
materials, was measured using a photo detector that was placed far away from the lens focus.  
So, what is graphene? It is a two dimensional sheets of carbon atoms that are arranged in 
a hexagonal shape. Graphene is a novel material, known for its superb physical properties such 
as large thermal conductivity and high transparency. The collaboration with Dr. Alex Biris’s 
group, at University of Arkansas in Little Rock, to provide the research materials made the goal 
of this work very easy. She started first with just graphene material deposited on a glass substrate 
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and observed the thermal nonlinearities, and then the objective extended to be more interesting. 
The idea was that they grow gold nanorods, metal nanostructure, with 12 nm in diameter and 36 
nm in length, and deposit them on graphene and graphene oxide materials.  
The objective was to study how those oxygen groups and gold nanorods affect the 
thermal nonlinearities of graphene materials. Thekrayat says, “Basically, the main conclusion of 
this study is that graphene nonlinearity was enhanced with oxygen groups and gold nanorods.” 
This research study promises to increase the lifetime and the performance of photonic and 
cooling devices with minimal cost. Also, this benefits not only the world of optical science, but 
also the general public through applications ranging from biomedical imaging to lighting 
systems. If you are interested on joining our group, please email me or visit us at the Institute for 












      
 
Appendix H:   Executive Summary of Newly Created Intellectual Property 
It is critical to analyze the effects of gold nanorods on the thermal nonlinearity of 
graphene and graphene oxide materials to improve the thermal heat spreading in different 
nanoscale high-density electronic devices. The study of using the z-scan system to investigate the 
thermal nonlinear enhancements of graphene after depositing gold nanorods is new. However, 
there were not any main novel intellectual property (IP) items that were created during the 
research presented in this dissertation, which should be considered from both a patent and 














      
 
Appendix I:   Potential Patent and Commercialization Aspects of Listed Intellectual 
Property Items 
I.1. Patentability of Intellectual Property 
Not applicable 
I.2. Commercialization Prospects  
Not applicable 












      
 
Appendix J:   Broader Impact of Research 
J.1. Applicability of Research Methods to Other Problems 
The built Z-scan system is in the optical characterization lab in the Nano Science and 
Engineering building at the University of Arkansas. The system is sensitive to measure, easy to 
analyze, and simple to setup, which makes the Z-scan method a standard one to nonlinearly 
characterize any kind of nanomaterials, solid, thin film, and solution. The investigation  and 
understanding  of the thermal nonlinear properties, including nonlinear refractive index (n2), 
nonlinear absorption coefficient (β), and thermo-optical linear and nonlinear coefficient (dn/dT) 
could be applied easily for any nanomaterials. The effects of gold nanorods and oxygen groups 
in enhancing the thermal nonlinearities of graphene materials could be extended and generalized 
with other two dimensional (2D) nanomaterials, such as transition metal dichalcogenides, black 
phosphorus, Bismuth telluride, and boron nitride. This study will pave the way for more reliable, 
effective, low cost electronic devices.  
The research results expand a deep understanding of graphene nonlinearities to be applied 
in different applications. In the current research, optical and structural investigations of graphene 
with gold nanorods will deeply expand the understanding of the thermal nonlinearities from 
physics, chemistry and engineering perspectives. The nonlinear study of functionalized and 
nonfunctionlaized graphene with and without gold nanorods could be applied in emerging new 
optoelectronic applications.  
J.2. Impact of Research Results on U.S. and Global Society 
The research results can lead to vital development of practical high density optical and 
electronic devices in nanoscale. The metal and oxygen groups have advantageous effects to 
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significantly increase the nonlinearity of graphene thin film materials, especially. This 
improvement on the thermal nonlinearities of graphene materials could meet the urgent demands 
of dealing with the thermal heat that is produced in high density nanoscale electronics, which 
will benefit the entire society. The remarkable results will be applied in different application 
fields, such as photo-thermal therapy, cooling systems, optical limiting, and in photovoltaic and 
thermal devices. The study of thermal conversion is very critical to protect human eyes from 
accidental damage. A perfect protection system should have an effective material with large 
dynamic ranges of wide interval wavelengths at high energies. The effectiveness of graphene as 
a thermal nonlinear material, including high thermal conductivity, large transparency, great 
optical limiting, and wide dynamic range, put it under extensive consideration to be used in the 
detection systems of the US military.  
J.3. Impact of Research Results on the Environment 
This research study has  no damage impact on the environment. The Z-scan measurement 
is simple and highly safe to be used in nonlinearly characterizing nanomaterials, and graphene 
and graphene oxide are likely to cause undesirable environmental effects if they released. 
However, the research samples were thin films on glass substrates, which do not have clear 
harmful impacts to be addressed and taken care of.  
The study of thermal nonlinear (TNL) properties of graphene materials promises to widen 
the practical applications, which will benefit the environment in different aspects. For example, a 
graphene material, with high TNL properties, demonstrates high capability to positively impact 
the environment by saving the sun energy through thermal storage in solar cells. Another 
application is an environmental pollution management that take advantages of the excellent 
properties of graphene. 
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Appendix L:   Identification of All Software Used in Research and Dissertation Generation 
Computer #1: 
Model Number: Mac OS X Apple Laptop 
Serial Number: C02HPSRDDTY4 
Location: Unkown 
Purchased by: Mrs. Thekrayat AlAbdulaal 
Computer #2: 
Model Number: Dell CLIENTPRO6620 
Serial Number:  4740386-0001 
Location: Nano Building (Optical Characterization Lab), University of Arkansas 
Purchased by: Dr. Gregory Salamo 
Computer #4: 
Model Number: Dell OPTIPLEX 780 
Serial Number: 3557WN1 
Express Service Code: 6841444861 
Location: Nano Building (Third floor, Station 5), University of Arkansas 
Purchased by: Dr. Gregory Salamo 
Computer #5: 
Model Number: Dell Latitude E6520 
Serial Number: 9NQ1CS1 
Express Service Code: 21025496305 
Location: Nano building (Third Floor), University of Arkansas 
Purchased by: Dr. Gregory Salamo 
Software #1:  
Name: UV Probe 2.31 (Spectrum) 
Product ID: UV-20000214-J-A34E13440-000809 
Purchased by: University of Arkansas  
Software #2:  
Name: Matlab R2016a (9.0.0.341360) 
 64-bit (win 64) 
License Number: 601103 
Purchased by: University of Arkansas 
Software #3:  
Name: Origin Pro 8.0.6.3.988 SR6 
Serial Number: GF354-9489-7603011 
Registration ID: 45L-3OL-P82 
Purchased by: Dr. Gregory Salamo 
Software #4:  
Name: Microsoft Office for Mac 2011 
Version: 14.6.5 (160527) 
Product ID: 03325-051-0803541-02751 
Purchased by: Thekrayat Al Abdulaal, University of Arkansas  
Software #4:  
Name: Microsoft Office Plus 2010 
Version: 14.0.7173.5000 (32-bit) 
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Product ID: 02260-018-0000106-48815 
Purchased by: Thekrayat Al Abdulaal, University of Arkansas  
Software #4:  
Name: Microsoft Office 2002 
Version: 14.0.7173.5000 (32-bit) 
Product ID: 03325-051-0803541-02751 
Purchased by: University of Arkansas  
Software #5:  
            Name: Microsoft Office Professional Plus 2010 
Version: 14.0.7173.5000 (32-bit) 
Product ID: 02260-018-0000106-48843 
Purchased by: Micro EP 
Software #5:  
Name: Microsoft Project Professional 2010 
Version: 14.0.7173.5000 (32-bit) 
Product ID: 02252-479-0032853-37254 
Purchased by: Micro EP 
Software #6:  
Name: Lab Spec 5  
Purchased by: Dr. Gregory Salamo 
Software #6:  
Name: LBA-710 PC For Windows 2000 & XP 
 Version: v4.17 
Copyright (C) 2006 Spiricon, Inc 
Frame Grabber Serial Number 7974 
Purchased by: Dr. Gregory Salamo 
Software #9:  
Name: ImageJ 
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Planned Publications: 
1. T. Al Abdulaal1, M. Ware2, and G. Salamo1, “ Measuring Nonlinear Properties of 
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Department of Electrical Engineering, University of 
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Appendix N: Research Abstract in Arabic 
 Z –( باستخدام تقنية المسح البصري في االتجاه  (Grapheneقياس المعامالت الالخطية لألغشية الرقيقة لمواد القرافيات
(Z-Scan Technique) 
ما في أغلب الخواص الالخطية للمواد ثنائية األبعاد المقاسة في حدود النانومتر وبالخصوص مادة القرافين التي تلعب دورا مه
األجهزة الضوئية المختلفه لكونها تمتلك خصائص ال خطية عالية. هذه األهمية ظهرت منذ اكتشاف فائدة وقدرة مادة القرافين 
على التخلص من الحراراة الهائلة الناتجة في االكترونيات عالية الكثافة المتناهية الصغر. األبحاث العلمية لمواد القرافين 
الهدف األساسي من هذا  قبليه في تطوير األجهزة األلكترونية الضوئية تحتاج حاليا لمزيد من الدراسات المكثفة.وتطبيقاتها المست
البحث هو دراسة وفهم الخصائص الحرارية الالخطية لألغشية الرقيقة لمواد القرافين. الخصائص الحرارية المدروسة تتضمن 
(. كل هذه nn/nd( والمعامل الحراري البصري )  βالالخطي ) ( ومعامل األمتصاص2nمعامل األنكسار الالخطي )
 المعامالت تعتمد على قوة ودرجة حرارة شعاع الليزر المستخدم.
 (Z (Z-Scan-هناك العديد من التقنيات المستخدمة لقياس المعامالت الالخطية وتعتبر طريقة المسح البصري في االتجاة
( استخدمت Z (nacn-Z -في هذه األطروحة, تقنية المسح في االتجاه سهولة استخدامها.علميا نظرا لدقتها والمعتمده الطريقة 
 Goldلقياس المعامالت الالخطية الحرارية لمادة القرافين و أكسيد القرافين في حالة وجود أنابيب الذهب وعدمها )
nanorods- AuNRs تمت دراسة مجموعة من العينات المرسبة على أسطح زجاجية وهي .)NFG وAuNFG وFG و 
AuFG. ( كذلك تمت دراسة مادة أنابيب الذهبAuNRs في محلول الماء منزوع األيونات. في طريقة المسح البصري )
Ar, استخدمنا شعاع أيونات األرقون ) Z-باتجاه
+
 Laser ( ذو الموجة المستمرة )acوكان طوله الموجي ) (nn  514 .)
مع اتجاه انتشار   Z–س في حدود الميكرومتر وبعدها يتم تغيير موضع العينة في االتجاه ثبتت العينة على قاعدة تتحرك بمقايي
شعاع الليزر المركزالذي له معادلة جاوس. بعد ذلك, الشعاع النافذ خالل العينة قيس باستخدام الكاشف الضوئي بعيدا عن نقطة 
 .تمركز العدسة
( وقد اختيرت نظرا لخصائصها الال خطية BBOبيتاباريوم بيورت ) أيضا في هذه االطروحة تمت دراسة عينة من كريستال
والتحقق من دقته في قياس المعامالت الالخطيه.  (Z (Z-Scan -عينة لمعايرة تقنية المسح البصريالعاليه. واستخدمت هذه ال
ر القوة الذرية ومطياف عدة أجهزة منها أطياف رامان ومجه إضافة لذلك, خصائص المواد البصرية الخطية درست بإستخدام
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-self (النتائح النهائية للدراسة أكدت أن مادة القرافين تمتلك خواص ال خطية سالبة  االشعة البصرية وفوق البنفسجية.
defocusing ( و عدم تركيز ذاتي وامتصاص ال خطي عالي. عالوة على ذلك, إضافة خيوط الذهب )AuNRs ومجوعات )
  حسن بشكل ملحوظ الخصائص الالخطية الحرارية.االكسجين لمادة القرافين ت
لذلك, استخدام مجموعات متنوعة للمواد المتناهية الصغر في حدود النانومتر والتحكم في خصائصها الحرارية الضوئية 
ت الالخطية يزيد ويفتح المجاالت لتطبيقات جديدة تشمل اإلتصاالت البصرية وتخزين المعلومات وأنظمة التبريد والعالجا
هذا البحث ساعد على زيادة المعرفة في مجال الفيزياء  الحرارية الضوئية وأجهزة اإلستشعار الكيميائية والجزيئية الحيوية.
والكيمياء وذلك من خالل دراسة العالقة بين الخصائص الالخطية لمادة القرافين ومجموعات األكسجين وخيوط الذهب. نتائج 
 لمهندسين على فهم و تطوير التقنيات البصرية بشكل عام.هذا البحث سوف تساعد العلماء وا
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
